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ABSTRACT

Wat er shed managenent decision nmaking is a conpl ex
process. Cooperation and communi cati on anong federal,
state, and |ocal stakeholders are required while bal anci ng
bi ophysi cal and soci o-econom ¢ concerns. The public is
taking part in environnental decisions, and the need for
technol ogy transfer from public agencies to stakeholders is
increasing. Information technology has had a profound
i nfluence on wat ershed managenent over the past decade.
However, as nore data and conpl ex applications becone
avai |l abl e, decision nakers are required to have expertise
in new domai ns such as AGS, renote sensing, the Internet,
and dat abase nanagenent systens. Few watershed deci sion
makers have this expertise and therefore these new
capabilities are frequently left out of the decision

process.

A prototype spatial decision support system for
rangel and wat er shed nanagenent was devel oped to sinplify
the process of incorporating advances in technology into
the decision process. The application utilizes an open

framewor k by using Wb services that are conponents that



communi cat e usi ng text-based nmessages, thus elimnating
proprietary protocols. This new framework provides an
extensi bl e, accessi ble, and interoperabl e approach for
spatial decision support systenms. An inportant input into
the SDSS is digital elevation data where data are produced
using different nethods, and with different accuracies and
resolutions. Six digital elevation nodels were conpared
with survey data to evaluate accuracies at different

| ocations in the Wal nut Gul ch Experinental Watershed. The
sensitivity of the SDSS was eval uat ed usi ng si X managenent
systens that were ranked based on m ni m zi ng sedi nment
yield. The sensitivity of the DEM contributing source
area value, and precipitation event size on managenent
system ranki ngs was evaluated. Results provide assistance
for users in selecting these data and nodel i ng val ues.
This research illustrated that recent advances in

i nformati on technol ogy can be effectively utilized in
wat er shed deci si on support technol ogy. The Internet-based
SDSS provides core functionality required for rangel and
wat er shed managenent educati on and deci sion-making. In
conparing digital elevation data of different sources and
resolutions with survey data, the DEM data approxi mat ed

surfaces well, with the higher resolution data producing

16



17

| oner root nean square error values. And finally,
different digital elevation nodels, contributing source
area val ues, and precipitation event sizes produced

di fferent managenent system ranki ngs.
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CHAPTER 1

| NTRODUCTI ON

1.1. Problem Overvi ew

Wat er shed managenent deci sion making is inherently
conplex. It requires cooperation anong federal, state, and
| ocal stakehol ders whil e incorporating biophysical and
soci o-econom ¢ processes. Traditionally, transfer of
information was unidirectional, typically fromstate or
federal governnent agencies to |andowners. |In today’'s
society, bi-directional communication is inperative,
expandi ng the role of |and managenent agencies and the
public in the decision-maki ng process. However, federal
and state budgets are becom ng increasingly constrained and
new techni ques for information transfer need to be
enpl oyed. Watershed managenent decisions are further
conplicated by both the conplexity of the issues and those
processes creating the problens. The difficulties in

spatially representing and quantifying biophysical and
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soci 0-econom ¢ processes require that nanagenent deci sions

be based on inperfect information.

As with other disciplines, watershed managenent in the
21°' century is increasingly reliant on infornmation
technology (CGuertin et al., 2000). Recent advances in data
acqui sition through renote sensing, data utilization
t hrough geographic information systens (@ S), data sharing
and communi cation through the Internet, and the use of
nodel s have provi ded wat ershed nanagers with access to nore
i nformati on for maki ng managenent decisions. Not only is
the quantity of data increasing, but the quality of data is
al so rapidly inproving. New technologies, such as
interferonetric synthetic-aperture radar (IFSAR), are
providing data with greater spatial resolution, which
i ncreases our capability to analyze and predict water
resource phenonena (WIlson et al., 2000). However, the
useful ness of this information is often limted because the
information is not offered in suitable forns for nmany

deci si on nmakers (National Research Council, 1999).

Wat er shed deci sion nmaking |ies between two concept ual

extrenes: top-down or bottom up approaches. The top-down
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approach for decision making inplies that planners,
typically from governnent agencies, prepare a plan and
present it to stakehol ders. The bottom up approach

i nvol ves | ocal stakeholder input fromthe inception of
planning. 1In a recent national survey, the vast majority
(83% of the public believes they should have nore

i nfl uence on environnmental managenent deci sions and trusts
the | evel of governnent closer to them (i.e. |local nore
than federal) (Steel and Weber, 2001). Involving citizens
in the planning process “insures that good plans remain
intact over tine, reduces the |ikelihood of contentious
battl es before councils and pl anni ng comm ssi ons, speeds

t he devel opnent process and reduces the cost of good
projects, increases the quality of planning, and enhances
t he general sense of community and trust in governnent”

(Moore and Davis, 1997).

Ef fecti ve watershed deci sion nmaking requires the
integration of data, expert judgnent, know edge, and
simul ati on nodels to solve practical problens and provide a
scientific basis for decision nmaking at the watershed scal e
(National Research Council, 1999). A user-friendly

deci si on support system (DSS) is needed to hel p various
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st akehol der groups devel op, understand, and eval uate

al ternative watershed nanagenent strategies. The DSS
should integrate a set of conponents consisting of database
managenent systens (DBMS), geographic information systens
(AdS), sinulation nodels, decision nodels, and easy to
understand user interfaces that could be available to

di fferent stakehol der groups.

An inportant observation nmade by the National Research
Council’s Commttee on Watershed Managenent (1999) is that
the difficulty in developing a DSS is not a | ack of
avai |l abl e sinmul ati on nodels, but rather making these nodels
avai l abl e to decision nakers. Over the last forty years,
the federal governnent has spent mllions of dollars on
nodel devel opment. Wile these sinmulation nodels are used
extensively in research settings, they are rarely
i ncorporated into the decision-nmaking process. Reasons for
this lack of application include: data requirenments are
usually only attained in a research setting, nodels are
conpl ex and underlying assunptions, limtations, and
accuracy are poorly understood by resource nanagers,
deriving nodel input paraneters is extrenely tinme consum ng

and difficult, and the costs of maintaining and managi ng



t he necessary hardware and software systens are high. As
hydr ol ogi ¢ nodels continue to be integrated with other
technol ogies, users will be required to have expertise in
dat abase managenent systens, geographic information

systens, computer operating systemnms, renote sensing, and

22

I nternet searching for data gathering, as well as watershed

domai n knowl edge. Few seasoned professionals have al

these skills, much | ess the typical watershed stakehol der.

Because successful bottom up decision nmaki ng hi nges on

educati ng stakehol ders, new net hods are needed for

di ssem nating applications that provide information to

st akehol ders. Information technol ogy, in the form of
hydrol ogi c sinulation nodels, @S, and deci sion support
systens, is capable of representing our understandi ng of
t he environment, but is often unavail able to stakehol ders.
The Internet provides a great opportunity for sharing
information and applications wth decision-nmakers.
However, limtations in availability, architectures,
bandwi dt h, and security present challenges for using this
medi um  Advances in the conmunication of information
through integrating Internet G S and sinulation nodels in

spatial decision support systens provide opportunities for
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inmproving the transfer of information and know edge from

wat er shed scientists and | and nanagers to deci si on-nakers.

I n addition, advances in technology are providing a
greater selection of digital data for decision-nmakers to
include in the decision process. These new data can be of
simlar spatial resolution as existing data, but are
derived fromdifferent nethods for data collection. Since
many wat er shed stakehol ders are unfamliar with these
col l ection nethods and therefore cannot eval uate which
techni ques are better than others, they nust rely on
scientists and research experinents to determ ne which data

are appropriate for specific tasks.

1.2. Research (bjectives

The goal of this research is to develop and evaluate a
new net hodol ogy to inprove information available to
wat er shed managenent deci si on-nakers. Specific objectives
are to anal yze rangel and wat ershed deci si on-maker’s
requi renents which include information needed for effective
deci si on-nmaki ng. Based on these requirenents, an

application was designed that neets criteria of
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reusability, availability, scalability, security, and
interoperability. The proposed application integrates the
| atest advances in information technol ogy such as I nternet
geographic information systenms, Wb services, relational
dat abase managenent systens, and environnmental sinulation

nmodel s within a conponent based franmeworKk.

The specific objectives of this study are:

1. Devel op a conprehensive literature review that
i ncl udes a di scussion of applications of spatial
deci si on support systens, and the individual
conponents within spatial decision support
technol ogy. The review includes rangel and wat er shed
managenent, Internet and workstation geographic
i nformati on systens, hydrol ogic sinmulation nodel s,
rel ati onal dat abase managenent systens, and Wb

servi ces.

2. Collect and define requirenents for a spati al
deci si on support systemthat allow watershed
managers to easily incorporate hydrol ogi c nodel s

into the decision making process. These
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requi renents all ow deci sion nmakers to perform
simul ati ons, define managenent alternatives, and

consider these alternatives in the anal ysis.

. Design and inplenment an application that perforns
the procedures and operations defined in objective 2
above. The application and dat abase nanagenent
system desi gn i ntegrates geographic information
systens, Internet, environnental sinulation nodels,
and Web services to inprove the quantity and quality
of information avail able to rangel and wat er shed

deci si on nakers.

. Evaluate the inpact of digital elevation nodels and
data sources of different resolutions on watershed
del i neation and hydrol ogi c nodel paraneterization.
Digital datasets are constantly evolving and are
avai |l abl e from many different agencies. As a
result, users have to select the nost appropriate

DEM for hydrol ogi c anal ysi s.

. Evaluate the inpact of the digital elevation nodels

eval uated in objective 4 on the ranking of
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al ternative nmanagenent systens fromthe spati al
deci si on support system In addition, the
sensitivity of three contributing source area val ues
and six precipitation event sizes on managenent

system ranki ngs by the SDSS wi || be eval uat ed.

1.3. Organi zation of Dissertation

The dissertation is organized into seven chapters with
each building on previous sections. The first chapter,
Chapter 1, contains background information on watershed
managenent deci si on- maki ng, highlighting current issues
that nake this topic of research inportant. |t contains
objectives for the dissertation and identifies specific
goal s that are acconplished through this work. Chapter 2
follows with a review of the literature gernmane to this
research. Chapter 2 includes a discussion of research in
the field of decision support sciences including spati al
and non-spatial DSSs, conponents in spatial decision
support systens such as graphical user interfaces,
geographic information systens, hydrol ogic sinulation
nodel s, relational database managenent systens, and

integrating these technologies in different domains.
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Chapter 3 describes the design of the spatial decision
support systemidentifying objectives and requirenents of
the system The chapter provides an abstract perspective
of the SDSS application. Design criteria are described and
di scussed and the inportance of each criterion to the
overal |l spatial decision support systemis included.
| nportant design considerations for the spatial decision
support systemare that it be reusable, extensible,

i nt eroperabl e, accessible, and secure. Use cases describe
how users interact with the spatial decision support system
whi ch includes a pictorial and procedural perspective of

the system

The di scussi on on the devel opnent of the spati al
deci si on support systemis included in Chapter 4. First, a
conceptual design is presented including a discussion of
the use of Internet geographic information systens,
geoprocessi ng conponents, simulation nodels, and a dat abase
managenent systemw thin the design. The inplenentation of
the conceptual design follows, examning the architecture
devel opnent which includes a discussion of the specific
tasks perfornmed by the individual technol ogies. The

i npl ementation is presented within the context of the
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design criteria presented in Chapter 3, and a discussion of
how t hese design criteria are achieved is included in the

chapter.

The readily avail able digital elevation nodels used as
i nput for the spatial decision support system are eval uated
in Chapter 5. This analysis is perfornmed on the Wl nut
@Qul ch Experinental Watershed in southeastern Arizona, where
research and data collection has been perfornmed for the
past five decades. Six digital elevation nodels with
resolutions ranging from2.5 to 90 neters created using
different technologies are used in this analysis. The DEMs
are conpared to field survey data to conpute and eval uate
inherent error in the data. For the different DEMs,
wat ershed and stream networks are delineated and derived
paraneters fromthese delineations are conpared using
different watershed conplexities and sizes. The val ues
used for conparison are paraneters for hydrol ogi c nodel s
and include total watershed area, nunber of channel
segnents, nean channel | ength, nean channel sl ope, nunber
of upland pl ane el enents, nean upl and pl ane area, and nean

upl and pl ane sl ope.
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In Chapter 6, a sensitivity analysis evaluating the
i npact of the digital elevation nodels of different sources
and resolutions, different contributing source area val ues,
and different precipitation event sizes on the results from
t he spatial decision support systemis perforned.
Sinmul ations using the six DEMs anal yzed in Chapter 5 are
conducted on six managenent systens to determne if the
di fferent DEMs change the ranking of the managenent
systens. I n addition, managenent system rankings are
conpared using three contributing source area val ues (1.5,
8.0, and 15 percent) and six precipitation event sizes (5
year 30 mnute, 5 year 60 mnute, 10 year 30 m nute, 10
year 60 m nute, 100 year 30 m nute, 100 year 60 m nute).
Managenent systens are ranked based on m nim zing sedi nent
yi el d where hi gher ranked nmanagenment systens produce | ower

si mul ated sedi nent yield val ues.

The summary and concl usions are presented in Chapter 7
foll owed by the Appendix and list of literature cited. The
Appendi x contains definition of term nol ogy, screen
captures of the application, an overview of the hydrol ogic
nodel used in the SDSS, a data dictionary for the SDSS

dat abase, Unified Modeling Language sequence di agrans,



nmet hodol ogy for sinulation range nanagenent practices

within the SDSS, and Chapter 5 and 6 sinulation results.
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CHAPTER 2

REVI EW OF RELEVANT LI TERATURE

2.1. Introduction

This chapter reviews relevant literature for this
research on the design, devel opnent, inplenentation, and
testing of the spatial decision support systemfor
rangel and wat ershed managenent. It begins with a
di scussion on research in the field of decision support
sciences. Topics include the devel opnent of spatial and
non-spatial decision support systens for different domains
and reasons for poor adoption and success rates. A
di scussi on of the conponents in spatial decision support
systens follows including graphical user interfaces,
geographic information systens, hydrol ogic sinulation
nodel s, rel ati onal database managenent systens, and the
integration of these technologies. The literature review
concludes with a sunmary and di scussion on why this

research is rel evant.
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2.2. Spatial Decision Support Systens

2.2.1. Overview

Spatial Deci sion Support Systens (SDSS) are devel oped
to integrate data, know edge, and nodeling results to
identify, evaluate, and reconmmend alternative solutions to
spatially distributed problens (D okic, 1996; Bellany et
al ., 1996; Prato and Haj kowi cz, 1999). Deci sion support
systens have progressed fromtools that sinply provide
users with the resources to fornul ate, assess, and conpare
alternative solutions to applications that educate users
about the problem context and how the problem has cone into
exi stence (Bellany et al., 1996). Wth education as the
primary focus, managers and planners can nore easily adapt
to changi ng situations through understandi ng of the causal
relati onships of the situation at hand (Cinmaco et al.

1995; Bellany et al., 1996).

I n natural resource managenent, Deci sion Support
Systens (DSS) have been successfully devel oped for conpl ex
probl ens, and in many cases these systens have reached or

exceeded the | evel or performance of recogni zed human
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experts (Coul son et al., 1987). For exanple, a DSS was
devel oped for Australian rangel ands to assess the
sustainability of grazing managenent systens (Bell any et
al ., 1996; Bellany and Lowes, 1999). Specifically, this
system assessed the spatial variability of the vegetation
condition and soil erosion risks for grazing nmanagenent
units, fornmulated alternative scenarios and assessed the

i npacts of these scenarios on vegetation condition and soi
erosion risk, and evaluated the inplications for pasture
and cattle production and the profitability for each
scenario (Bellany and Lowes, 1999). A DSS used to eval uate
the inmpact of alternative agricultural managenent systens
on surface and groundwater quality and farmincone was
devel oped by the USDA ARS Sout hwest Watershed Research
Center in Tucson, AZ (Yakowitz, et al., 1992; Yakowtz et
al., 1993; Heilman et al., 1994; Heilman et al., 1997).
Spati al decision support systens have al so been devel oped
to assess sustainability of resource managenent at the
field and wat ershed scal es (Pereira and Duckstein, 1993;

Prato and Haj kowi cz, 1999; Joerin and Misy, 2000).

The adoption and success rates of decision support

systens and spatial decision support systens have been
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relatively | ow despite the effort, tine, and noney spent on
devel opi ng these applications (Uan and Janssen, 2003).
Newnman et al. (2000) attributed this |lack of adoption to
the conplexity and quantity of data inputs, limted
conput er ownership, and a | ack of understandi ng by
potential users of the underlying theories of included
nodel s (Newman et al., 2000). After examining five spatia
deci si on support systens for coastal zone and water
managenent, Uran and Janssen (2003) concl uded t hat
difficulties in specifying alternatives, conplexity in
navi gation resulting froma | arge nunber of options, and

| ack of adequate support to the decision process are ngjor
reasons for the | ow adoption rates. Furthernore, they
stated that a closer link between devel opers and users
during devel opnent would potentially lead to higher

adoption rates in the future.

2.2.2. SDSS. Conponents

Spati al Decision Support Systens are created either
fromthe ground up, witing the entire programfrom
scratch, or by linking existing application that provide

t he necessary tools (D okic, 1996). Since witing the
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application fromscratch is conplex and reinvents
procedures to provide required functionality, SDSS shells
are usually created by |inking existing applications

(D okic, 1996). Spatial Decision Support Systens typically
i ncl ude renote sensing, geographic information systens,

anal ytical nodels, a user interface, database nanagenent
system and know edge based system ( Sugumaran, 2002,
Densham 1991; Fedra, 1991). In the watershed sciences,
the linkage is commonly made between hydr ol ogi c/ wat er
quality sinmulation nodels, a GS, and a rel ati onal database
managenent system which provides an efficient neans to
store, analyze, and visualize results fromthe nodel (Yoon
1996). D okic (1996) points out that a burden with |inking
existing applications is that interfaces nust be created
for individual software conponents to allow data transfer
and command control. However, recent advances in
information technology allow A S software and commercial ly
avai l abl e RDBMS to be conpati bl e, which provides an
opportunity for a seam ess integration between database

managenent systens and geographic information systens.
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8§ User Interface

Deci si on support systemresearch has historically
focused on data, procedures, rule sets, text, fornms, and
spreadsheets associated with the probl em deci sion area
(Sankar et al., 1995). However, the user interface has
been deened to be the nost inportant aspect (Sprague and
Carl son, 1982) and acceptance of decision support systens
is largely dependent on their ease of use (Uran and Jassen,
2003), which is often controlled by the user interface.

The user interface coordi nates the communicati on between
the user and the application. A good dialog should be
error tolerant and provide user help as carefully phrased
informative messages (Mdlich and N el sen, 1990). The user
interface should be easy to learn, allow graceful shifting
fromone task to the next, provide a high |level of guidance
and feedback based on a user’s interactions while giving

t he user the sense of being in control (Holsapple and

Wi nst on, 2001).
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8 Ceographic Information Systens

CGeographic Informati on Systens are at the core of
Spatial Decision Support Systenms. G S can incorporate data
addressing nulti-ownership, infrastructure, and economc
concerns. G S offers the capability to explicitly node
the spatial heterogeneity in |andscapes, pasture
utilization, and distribution of managenent units (Bell any
et al., 1996; Bellany and Lowes, 1999) and effectively
anal yze non-poi nt source pollution problens (Fraser et al.
1996; Yoon, 1996; Fraser et al., 1998; Cuertin et al.

1998; Basnyat et al., 2000). Managenent tools, such as
Spati al Decision Support Systens, are nore effective if
they are user friendly and easily accessible. The Internet
provi des a convenient forumfor technology transfer (Lane
et al., 1999); however, applications utilizing spatial

t echnol ogi es avail abl e through the Internet have costly

performance consi derati ons.

The Internet has existed for over 30 years but only
recently have Geographic Information Systens utilized

| nt ernet technol ogy, which has the potential for
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exponential increases in the efficiency and effectiveness
of the ways in which we obtain, share, and process
geographic data (Plew, 1997). The web utilizes a client-
server architecture that allows data storage, extraction
and processing functions conputed on a renote server, while
vi sual i zation functions are perfornmed at the local client

t hrough a web-browser (Abel et al., 1998). Sone of the
current applications of Internet-G S include UCLA's G S

Dat abase and Map Server (http://gisdb.cluster. ucla.edu),
Nat i onal Geographic’s Interactive Atl as

(http://ww. nati onal geogr aphi c. conf mapmachi ne), Federal

Enmer gency Managenent Agency’s (FEMA) hazard naps
(http://ww. esri.conl hazards/index.htm .), and a

vi sual i zati on tool (GEO VRM.) devel oped in cooperation with

the EPA (http://ww. epa. gov/gisvis/index.htm).

The Internet-A@ S architecture determ nes the
conplexity and efficiency provided by the application. The
sinplest architecture is a thin client architecture, where
the application runs in a standard web browser (i.e.

M crosoft’s Internet Explorer or Netscape's Navigator) and
requires little processing power for the user (Abel et al.

1998). Using this type of architecture, spatial data are
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transferred as image files in a format conpatible with
avai |l abl e web browsers. Mire conplex applications require a
“thicker” client consisting of either a browser plug-ins or
an applet. A plug-in is an independent software conponent
installed locally that is automatically started when data
of the specified type is received. An applet is a platform
i ndependent, Java programthat is transmtted with the data
and has the potential to bridge the gap between web Q Ss
and non-web G Ss (Wang and Jusoh, 1999). Both approaches
provi de for devel opnental capabilities suitable for diverse

spatial data applications (Abel et al., 1998).

Many applications have been created using different
architectures. Abel et al. (1998) devel oped two
applications of different conplexities and di scuss the
access tinme through the Internet. The first application
provided Internet access to Australia’ s governnent
cadastral and rel ated databases. In this application, the
client was only required to zoom pan, and request
additional information about the data. This application
was sinulated using a Java applet that perforned “very
simlar to that of a conventional @S (Abel et al., 1998).

The second application was nore conpl ex, producing maps
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fromvector and raster data linked to a tenporal aspati al
dat abase. This application contains two Applets, one for
viewi ng spatial data and the other is an independent graph
vi ewer. When the user pans to the map view, the raster data
were required to be re-transmtted, delaying the view ng
application (Abel et al., 1998). However, changes in
design of the internet-@ S architecture can limt the
number of tines the client contacts the server thus
decreasing potential delays. Qther applications using
Internet G S include web-based mappi ng for urban systens
(Doyle et al., 1998), a web-based application for
visualizing G S data (Huang and Lin, 1999), and an

i nternet-based G S application for an investnent
environnent (Lin and Zhang, 1998). Research has al so been
conducted on the devel opnent of a 3-dinensional G S

depl oyed through the Internet (Lee et al., 1998) and
integrating multiple internet-based geographic
information’s systens into one system (Wang and Jusoh,

1999) .
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8§ Hydrol ogic Sinulation Mdels

Oiginating in the latter half of the 19'" century,
hydr ol ogi ¢ nodel s have | ong been used in watershed
managenent. They provide an inportant resource for
eval uati ng and assessi ng hydrol ogi ¢ systens, and nanagers
are increasingly reliant on this technology to support
deci sion nmaking. The classification, application, and
devel opnent of avail abl e nodel s has been reviewed in great
detail by others (see Singh, 1995; Maidnment, 1993 for
synopses). The mgjority of nodels applied today perform
si mul ati ons using methods derived in the early 20'" century.
When these nethods are inplenented with today’ s technol ogy,
it raises questions regarding the applicability of these
tools. For exanple, Geen-Ampt’s infiltration equation was
devel oped as a point nodel to estimate infiltration under
saturated conditions, and is now commonly applied over
| arge | andscapes using distributed hydrol ogic sinulation
nmodel s. However, physically-based, spatially distributed
infiltration equations have not been developed, so this is
t he best approach available. Even though the first

wat er shed- scal e, conputer based sinmul ati on nodel was
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devel oped al nost forty years ago in the Stanford Wt ershed
Model (Crawford and Linsley, 1966), simnulating watershed-
scal e processes continues to be an extrenely chall engi ng
activity, in spite of recent advances in data quantity and
quality, and technol ogies to nmanage the spatial attributes
of watersheds. The National Research Council (1999)
recommends that tools be developed to facilitate the
transfer of sinulation nodeling technol ogy, which wll
provi de nodeling results to managers for decision naking,

“even if they are based on inperfect information.”

A recent trend in hydrologic nodeling is to utilize
geographic informati on systens to devel op paraneter sets
and visualize sinulation results. Four approaches exi st
for integrating nodels and G S: enbedding GS in the
hydr ol ogi ¢ nodel and vice versa, and | oose and tight
coupling between the conponents (Sui and Maggi o, 1999),
wi th each approach having advant ages and di sadvant ages.
Enbeddi ng the G S functionality in the hydrol ogi ¢ nodel
provides the nost flexibility for application design,
el imnating dependencies on previous G S data structures,
but nost hydrol ogi ¢ nodel i ng packages do not provide the

vi sual i zation capabilities of commercial geographic
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i nformati on systens (Sui and Maggi o, 1999). Enbeddi ng
hydr ol ogi ¢ nodeling functionality in GS has recently been
conducted by vendors such as ESRI and |ntergraph, but the
nodel i ng capabilities are usually sinplistic and
calibration and verification nust be conducted outside the
G S (Sui and Maggio, 1999). Loose coupling is conpleted
using “stand alone” A Ss and hydrol ogi ¢ nodel s that
exchange data using an ASCI|I or binary data format. Loose
coupling relies on existing conponents, therefore reducing
the programm ng required to devel op these technol ogi es, but
data conversi on between the conponents can be tedious (Su
and Maggi o, 1999). The final approach, tight coupling
enbeds a hydrologic nodel within a commercial G S utilizing
the application’s capability to be custom zed using
scripting | anguages such as ESRI Avenue or AML (Sui and

Maggi o, 1999).

These four integration approaches have yiel ded
nunmerous applications that utilize a conbination of |oose
or tight coupling nethods (Sui and Maggi o, 1999). The
Aut omat ed Ceospatial Wat ershed Assessnent Tool (AGM,
Mller et al., 2002) uses a hybrid between the |oose and

tight coupling where specialized routines are created using
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ESRI's Avenue progranm ng | anguage to prepare input files,
but the conmuni cation between the G S and hydrol ogi ¢ nodel s
are performed using an ASCI| text format. A simlar
approach was used in devel oping a generic object-oriented
nodel i ng framework (MKinney and Cai, 2002) and integrating
A S into Agricultural Nonpoint Source Pollution Mde
(AGNPS: He, 2003; He et al., 2001), Better Assessnent
Science Integrating Point and Nonpoi nt Sources (BASINS:
Lahlou et al., 1998), Areal Nonpoint Source Witershed

Envi ronnmental Response Sinul ation (ANSWERS: De Roo et al.
1989), and the Soil and Water Assessment Tool (SWAT:
Srinivasan and Arnold, 1994). The US Arny Corps of

Engi neers al so used a | oosely coupl ed approach integrating
G S and their Hydrol ogi ¢ Engi neering Center River Analysis

Syst em (HEC- GeoRAS: Ackerman, 2002).

Recently, a nunber of Internet-based hydrol ogic
applications have been realized. These applications offer
several advantages over traditional stand-alone conputer
applications. A typical Internet application offers a
centralized sinulation nodel that does not require
installation on |ocal computers and provides access to the

| atest version of the software at all tines. | nt er net
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applications do not require advanced software or hardware
for the end user, since these applications operate through
a web browser, wth nost of the processing conducted on the
server. However, deploying applications over the Internet
al i enates user groups since access to the Internet is not

ubi qui t ous.

Two exanpl es of currently devel oped, web-based
hydr ol ogi ¢ and erosion applications are: 1.) the work of
Dr. Leonard Lane and other scientists at the USDA- ARS
Sout hwest Wat ershed Research Center in Tucson, AZ and 2.)
the effort of scientists at the USDA-FS Rocky Mountain
Research Station in Mdscow, ID. The Sout hwest Watershed
Research Center devel oped an Internet-based Hill sl ope
Erosion and Sedinent Yield Mdel (HEM
http://eisnr.tucson. ars. ag. gov/ hill sl opeerosi onnodel ). The
nodel predicts runoff volune, sedinent yield, interrill and
rill detachment, rill deposition, and nean concentration of
sedinment for hillslope segnents. The nobdel estimates
out put using hillslope segnent | engths, slopes, percent
canopy and surface ground cover for each hill sl ope segnent
along with runoff volunme and a soil erodibility value for

the entire hillslope. The HEM nodel produces graphs
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depicting the input hillslope profile and distribution of
cover on the hillslope and output for sedinent discharge,
det achnent and deposition, and nean sedi nent concentration

along the hillslope profile.

The Rocky Mountain Research Station devel oped the
Forest Service Water Erosion Prediction Project (FSWEPP)
interfaces, which provide the capability to eval uate
erosion and sedi nent delivery fromforest roads. The
application uses the Water Erosion Prediction Project
(WEPP) nodel (Lane et al., 1992) to estinate erosion rates
and sedi nent delivered using input values devel oped at the
Rocky Mountain Research Station (Elliot et al., 1999). The
interface provides |inks to nodels capable of simulating
sedinment yield froma road segnent across a buffer, and
soil erosion fromforest roads, rangeland, forestland, and

forest skid trails.

Both the HEM and FSWEPP applications perform
simul ations at the hillslope scale and can i ncorporate
field observations. They do not provide the capability to
estimate the cunul ati ve response for several adjacent

hill sl opes nor address watershed scal e responses. Most
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wat er shed probl enms nust be addressed at the watershed
scale, and therefore, require the application of a

wat ershed scale nodel. This increases the conplexity
required of Internet applications. Users nust be provided
with the capability to identify and delineate watersheds
using site specific data and to sunmari ze wat er shed

characteristics for specific nodel applications.

8 Rel ational Database Managenent Systens

Wth respect to watershed nanagenent, relational
dat abase managenent systens research has focused on data
nodel devel opnent. Maidnent (2002) created a generic water
resource data nodel that conbines geospatial and tenpora
data to support hydrol ogic analysis and nodeling. This
ArcHydro approach provides a data nodeling framework that
i ncl udes hydrol ogi ¢ networks, drainage systens, river
channel s, hydrography, and tinme series data. |n addition,
ArcHydro provides inplenentation details for the data

nmodel .
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2.2.3. Conponent Integration

Two object-oriented nodel integration efforts have
been conducted by the USGS in devel oping the Miulti Mdeling
System (MVS: UC Boul der, 1993) and the USDA ARS in
devel opi ng the (Cbject Mdeling System (OVS: David, 1997).
Both architectures represent physical processes as objects
as an attenpt to inprove interoperability between nodeling
conponents. Both systens provide objects that use
different nmethods for sinulating fundanental hydrol ogic
processes such as infiltration, overland flow, channel, and
routing. This framework allows users to create custom
si mul ati on nodel s that could conbi ne the KINEROS channel
routing object, the Hydrologic Simulation Program— Fortran
(HSPF) infiltration object, the WEPP erosion object, and so
forth. The MVS nodeling framework operates in a Unix
envi ronnent which has slowed its adoption. OMS utilizes
Java and XM technol ogi es providing an operating system
i ndependent framework. Both efforts have been faced with
chal l enges resulting fromthe inconpatibility of
assunptions and tine steps anong the different nodeling

obj ect s.
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2.3. Sunmary

These separate advances in Internet and desktop
geographic information systens domai ns, conbined with
research on integrating hydrol ogic nodeling and G S and
depl oyi ng hydrol ogi c nodels via the Internet, nake
desi gni ng and devel oping an integrated spatial decision
support system for rangel and wat ershed managenent possi bl e.
This research | everages recent advances in technologies to
overcone identified causes for the |ack of adoption of
deci si on support systens by Newran et al. (2000) and Uran
and Janssen (2003). Uilizing the power of geographic
information systens to mnimze data required by users and
the Internet to make the application accessible makes this
application unique and current. In addition, integrating
obj ect-oriented design principles and geoprocessi ng, and
hydr ol ogi ¢ nodeling Wb services into the spatial decision
support system provides a flexible, nodul ar design capabl e
of being expanded to incorporate additional environnental

concerns and new simul ati on nodel s.
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CHAPTER 3
REQUI REMENTS OF THE
SPATI AL DECI SI ON SUPPORT SYSTEM FOR RANGELAND

WATERSHED MANAGEMENT

3.1. Introduction

Thi s chapter describes the user requirenents,
application functionality, and design objectives for the
spati al decision support system for rangel and wat er shed
managenent. It provides a framework for which the SDSS
design will be evaluated and describes functionality
requi red of the application. Specifically, a general
di scussion of the key functionality that the spati al
deci si on support system nust include is presented foll owed
by nore specific use cases and use case pathways. In
addition, design criteria are presented to identify how the
spatial decision support system can be expanded to include
addi ti onal hydrol ogic sinulation nodels, accessible to

different user groups, interoperable so that conponents can



51

be used by other systens, and secure protecting user’s
sensitive informati on (See Appendi x A for gl ossary of

terns).

3. 2. Rangel and Wat er shed Managenent

In sem -arid watersheds, control of erosion on uplands
to reduce sedinment delivery to channels greatly affects
downstream wat er supplies along with sustained capability
of rangel ands to produce forage (Renard, 1970). As a
result, an inportant objective of rangel and watershed
managenent in the sem-arid southwest is to design and
i npl emrent managenent plans that m nim ze costs, and have
the I owest erosion and sedinent yield froma defined area
(i.e. a watershed). Managenent practices available to
rangel and wat er shed nanagers when desi gni ng nanagenent
systens include the |ocation and size of pastures, |ocation
and quantity of water points within a pasture, hydraulic
structures such as detention ponds to capture runoff and
sedinent, critical area planting, adjusting stocking rates,
grazi ng systens, season of use and duration (Hol echeck et
al ., 1995). Each of these nanagenent practices has an

associ ated econom ¢ cost and an environnental effect. As
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nor e managenent practices are conbined i nto nanagenent
systens, the accunul ated cost and effect becones difficult

to quantify and conpare with other systens.

The scal e at which the nmanagenent deci sions are nmade
and spatial issues related to ranch and wat er shed
boundari es conplicate watershed managenent decisions. A
wat ershed may contain nultiple managenent system structures
such as a pasture, or a nmnanagenent system structure may
span nultiple watersheds. Moreover, a watershed nay be
conprised of nmultiple | andowners, each with different
managenent objectives. As an exanple, the Wal nut Gulch
Experinental Watershed contains |and parcels owned by
private, state, and federal organizations. Because |and
use |location within a watershed is extrenely inportant in
determ ning the hydrol ogi c response, watershed nanagenent
deci si on nust be based on both what and where practices are

i mpl ement ed.

The proposed spatial decision support systemwl|
assi st rangel and wat ershed managers eval uat e nmanagenent
systens that include the properties and | ocation of

recogni zed managenent practices. Since there are numnerous
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Best Managenent Practices (BMPs) to choose fromand a
nunber of hydrol ogic nodels to performthe sinmulations, the
desi gn nust be flexible to accommbdate new BMPs and

si mul ati on nodel s.

3.3. User Requirenents

The user requirenments were gathered based on exam ni ng
the literature, the watershed decision-making process, and
evaluating the capabilities of other watershed-based
applications. Discussions with watershed managenent
experts at the University of Arizona and USDA- ARS Sout hwest
Wat er shed Research Center in Tucson al so provided insight
into how this application should function and what it
shoul d acconplish. Based on these inputs, the follow ng

key requirenments were identified.

8 Interactive view of spatial data

Users of the spatial decision support systemrequire

extensive interaction with spatial data through a web

browser. The required navigation include operations such



as pan in the four cardinal directions, zoomin and out,

toggle spatial layers on and off, and change the order of
| ayers. This provides users with the basic functionality
found in desktop geographic information systens software

via the Internet.

8§ Delineate watersheds

Wat er shed managers will need to delineate watersheds
of concern through the user interface. The process should
be perforned by |locating an outlet on a nmap or aerial

phot ogr aph, and havi ng the application determ ne the

wat er shed boundary fromthe user specified outlet |ocation.

To sinmplify locating the outlet |ocation, the user wll
sel ect the watershed delineation tool and “click” on the
map to locate the outlet point. Once the watershed

boundary is delineated, the boundary, along with a
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general i zed stream channel nmap, should be dynam cally added

to the map for the user to view
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8§ Paraneterize sinmulation nodels

Users will need to paraneterize sinulation nodels for
a given watershed boundary while providing mninml data as
input. Users will need to performthree types of
paraneterizations: topographic, soils, and | and cover.
Topogr aphi ¢ paraneterization requires the watershed
boundary and stream network to be subdivided or discretized
into nodeling elements with topographi c dependent nodel
paranmeters (i.e. slope) calculated for each elenent. The
soils paraneterization will need to cal cul ate soi
dependent nodel paraneters based on user selected digital
soils data. Simlarly, the | and cover paraneterization
will need to cal cul ate nodel specific |land cover paraneters

based on user selected digital |and cover data.

8§ Perform simulati ons on wat er sheds

Users wll need to perform simnulations using the
paraneteri zed wat ersheds and view results. The simulations
w Il be performed using user selected watershed and storm

events.
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8 Visualization

The results will be viewed spatially through the web
interface. Users will need to visualize areas within a

wat er shed that produce higher rates of runoff and erosion.

8 Define rangel and wat ershed nmanagenent systens

Users of the spatial decision support systemw ||l need
to define rangel and wat ershed nanagenent systens that
i ncl ude appropriate managenent practices for sem-arid
environnents. Users will define managenent systens by
selecting the desired practice and | ocating the practice on
the map. Users nust be able to provide attributes of the
practice that are stored by the application. Users should
be able to add multiple practices to a nmanagenent system
nove the |ocation of a previously added practice, or delete

a managenent practice froma system
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8§ Performsimulations incorporating user defined

managenent systens

Users nust be capabl e of perform ng hydrol ogic
simul ations including their nmanagenent systens in the
analysis. The application wll adjust the appropriate
nodel paraneters based on the user defined nmanagenent
system and conduct the sinulation. Users nust also be
capable of viewing the results of sinulations in spatial,

graphi cal, and tabular formats.

8 Conpare sinulation results of alternative nmanagenent

syst ens

Users nust be capable of viewing results from
managenent system alternatives. Results should be
presented in tabular format including the nmanagenent system
nanme, sinmulated values for runoff and sedinent yield, and

an estimate of the cost of the managenent system
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3.4. User Interaction

The primary function of the internet-based SDSS
application is to allow the user to perform simulations and
desi gn managenent practices for a given sub-watershed /
ranch land unit. The interaction of the user with the
application will typically begin at the SDSS hone page and
termnate with the managenent sinulation results. The
specific user interactions accounted for in the application

ar e:

1. The user connects to the application by directing a
browser to the URL of the application’ s honepage. The
user can browse infornmation about the project, resources
on managenent practices, or a tutorial of the project.

2. At any point of the interaction, the user can sign-in to
their account or create a new account. The user is
required to set-up an account to save data to the
dat abase.

i | f the user has an account, they can login using a
secure connection and have access to spatial data,
simulation results, and other information created

during a previous interaction. The user can either
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start at the beginning of the application, or if the
user stopped a previous interaction before the
application was conpleted, the user wll have the
option to continue the application fromthe previous
sessi on.
If the user is not currently a subscriber, they can
provi de basic user identification information and an
account will be created wth the given user
nanme/ password. The application will send the user a
wel com ng enmail notifying themof their new
subscription and provide basic information about the
appl i cation.
The user can browse through spatial data of nmap | ayers
for a given region, currently southwestern Arizona,
which will include hydrography, Digital Ortho Quarter
Quads (DOQQ), Digital Elevation Mdels, Dgital Line
Gaph (DLG), soils data, |and cover data, and Census
2000 data along with current water bodies on the EPA s
303d list with the constituent for which the water body
is inpaired. This information will be available to al
users while user-specific information (entered through

interaction 4) wll only be available to the given user.
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The user can locate their area of interest by using map
| ayers containing regional and | ocal benchmarks. Once
the user identifies their area of interest, they can
click on the map to delineate a watershed boundary that
is dynam cally added to the map.
The user can performa simulation using the boundary by
selecting the sinmulation tool and clicking on the
boundary.
The user has a list of nodel paraneter sets avail able
for a sinmulation or can create new paraneter sets by
sel ecting on the land cover or soils digital dataset.
Once the user selects a conmbination of a soil and a | and
cover paraneter set, they can performa simnulation.
Results fromthe sinulation are spatially displayed on a
map and the user is provided with the option of view ng
di fferent output values fromthe nodel.
After the user has perfornmed a sinulation, they have two
options to enter ranch infrastructure informtion:
The user can create G S features via heads-up
digitizing of their ranch infrastructure. Pre-
defined feature type objects will be avail able for
the user to choose from (such as fence |ines, water

sources, etc.) and wll contain attributes necessary
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for nodel sinulations. For exanple, the user could
select the “fence” feature type and then draw a
pol ygon to |locate the position of the fence.
Specific attributes of the fenced area (pasture)
will be entered for the sinulations, and the view
Wl be updated with pre-defined synbols. This
information will be transferred to persistent
storage for |ater interactions.
The user can upload existing ranch infrastructure
data from existing databases on |ocal machines. The
application will have to account for possible
projection and attribute differences and correct the
pr obl ens.
When a managenent systemis conpleted, the user submts
t he managenent system Mbdel paraneters are adjusted
based on the location and attributes of the nanagenent
system and results are returned to the user in a
graphi cal, tabular, and spatial format.
The previous step can be repeated nultiple tines
allowi ng users to conpare the predicted outcones of
di f ferent managenent systens on producing runoff and

sedi nent .
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10. Finally, the user can | ogout of the application and the

current status of the interaction will be saved for the

next i nteraction.

This is a typical user interaction with the fully
functional SDSS application. The application wll include
additional functionality such as a spatial query nodul e

that will assist the user in identifying |ocations of

interest for their simulation. Locations can be queried by

city, street intersections, or parcel id. Wil e the
interaction presented above is froma single user’s point
of view, the application will be capable of supporting

multiple interactions simnultaneously.

3.5. Use Cases

Use cases capture the core behavior of an application
wi t hout specifying how the behavior is inplenented (Booch
et al., 1999). Eleven use cases are identified that are
required for the SDSS to facilitate the decision process

(Figure 3.1).
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Case 1. Create Account — The user creates a new
account by providing a usernane, password, and contact

i nformati on.

Case 2: Login — The user provides a usernane and
password and if authenticated, he/she is provided

access to their data.

Case 3: Alter Map — The users selects a map operation
tool and clicks on the map. A new map is displayed

based on the operation perforned by the user.

Case 4: Delineate Watershed — The user |ocates a
wat ershed outlet by clicking on a map. Fromthe user
entered | ocation, a watershed boundary is created and

added to the map.

Case 5: Topographic Mddel Paraneterization — The
users selects the boundary for which the topographic
paraneterization will be perforned. The watershed
boundary is subdivided into nodeling el enents and
nodel specific paraneter values are estinmated based on

the digital elevation nodel used in the analysis.
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Case 6: Soil Model Paraneterization — For a given
t opogr aphi ¢ paraneteri zation, the user selects the
digital soils |ayer and the nodel paraneterization is

per f or med.

Case 7: Land Cover Model Paraneterization — For a
gi ven topographi c paraneterization, the user selects
the digital land cover |ayer and the nodel

paraneterization is perforned.

Case 8: Perform Hydrol ogic Sinulation — The user
selects the soils paraneter set, the |and cover
paraneter set, and the precipitation event and a nodel
sinmulation is performed. The results fromthe

sinmul ation are displayed spatially and different

out put val ues can be selected by the users for

di spl ay.

Case 9: Create Managenent System — The user selects
t he managenent practice they want to include in the
managenent system The user then | ocates the system

by “pointing” and “clicking” on the map. The user
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al so has the option to attribute the managenent

practice, and nove or delete the practice.

Case 10: Perform Managenent Sinulation — For the
current managenent system the user perfornms a new
sinmulation to estimate the runoff and sedi nent vyield.
| nt er medi at e nodel s and subroutines are utilized to
estimate |ivestock distribution provided the type and
| ocati on of managenent practice (i.e. pasture
boundaries and water points). Hydrologic sinulation
nodel paraneter values are adjusted and sinul ations

are perforned.

Case 11: View Results — Once users have conpleted a
simul ation that includes user defined nanagenent
systens, the user can viewthe results. Results are

presented in a graphical, tabular, and spatial format.
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R

Perform Management
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Figure 3.1 Use Cases for the Spatial Decision Support
System for rangel and wat er shed managenent
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3.6. Use Case Pat hways

Wi |l e Use Cases provide the overall functionality of
t he spatial decision support system Use Case Pat hways
illustrate a finer grained, procedural perspective for how
the Use Cases are acconplished. Use Case Pat hways
hi ghl i ght the individual steps required to inplenent a Use

Case.

Case 1: Create Account
a) User sends account information
b) System verifies that the usernanme is uni que
c) System | oads user data into the database
d) System generates session requirenents for the

user

Case 2: Login
a) User posts usernane and password
b) System verifies user information
c) If successful, system generates session

requi renents for the user



68

Case 3: Alter Map
a) User sends requests that will be perfornmed on a
map
b) System perfornms the action(s) received
c) System generates new map

d) Systemreturns |ocation of map to user

Case 4: Delineate Watershed

a) User sends the coordinates of the watershed
out | et

b) System del i neates the watershed based on the
outl et | ocation

c) If the user is signed in, system stores watershed
boundary in the database

d) Systemcalls Alter Map Use Case adding the
del i neated watershed to the map

e) System generates a new map

f) Systemreturns the | ocation of map to user

Case 5. Topographi c Model Paraneterization
a) User selects the watershed boundary and the nodel
to performthe topographic paraneterization

b) System perfornms the topographi c paraneterization



c)

d)

b)

Case

b)
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If the user is signed in, the system adds the
results to the map using the Alter Map Use Case
System generates a new map

Systemreturns the map | ocation to the user

6: Soils Mddel Paraneterization

User selects the topographic paraneter set, soils
coverage, and | ook-up table to performsoils
paraneterization

System perforns the soils paraneterization

If the user is signed in, the systemstores the

results in the database

7: Land Cover Model Paraneterization

User sel ects the topographic paraneter set, |and
cover grid, and | ook-up table to perform |l and
cover paraneterization

System perfornms the | and cover paraneterization
If the user is signed in, the systemstores the

results in the database
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a)

b)

d)

f)
9)

h)

Case

b)

8: Perform Hydrol ogic Sinulation

User selects the topographic paraneter set, |and
cover paraneter set, soils paraneter set

System generates the paraneter file(s)

System generates the precipitation file

System perforns the nodel sinulation sending the
input files to the hydrol ogi c sinmulation nodel
System adds the results for each elenent to the

map using the Alter Map use case

Syst em generates a new nmap

System creates a graph for the tinme series
results

Systemreturns map and graph to the user

9: Create Managenent System

User delineates the nmanagenent system on the
screen using digitizing tools provided by the
system

User sends managenent systemto the application
System stores the managenent systemin the

dat abase
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f)

9)
h)

b)

10: Perform Managenent Sinul ation

User sends the nmanagenent systemthat wll be
used in the sinulation

System nodi fi es the base nmanagenent sinulation
System generates the paraneter file containing
t he managenent adj usted paraneters

System generates the precipitation file

System perforns the simulation sending the input
files to the hydrol ogic sinulation nodel

System adds the results for each elenent to the
map using the Alter Map use case

System generates a new map

System creates a new graph adding the new tinme
series results to existing sinmulation results

Systemreturns map and graph to the user

11: View Results

User selects the format for results display.

User has the option to viewresults in a tabular,
graphical, or spatial format.

User selected format is displayed for the user

71
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3.7. Additional Design Considerations

In addition to the user requirenents identified above,
t he spatial decision support systemw || need to neet
certain design criteria to ensure it to be adopted by users
and expanded with new features. Specifically, the SDSS
will need to be extensible so that new sinulation nodels
and rmanagenent practices can be added in the future,
accessi ble so that users have the opportunity to use the
application, interoperable so that existing conponents can
be incorporated into other applications, and secure so that
users are confortable storing data in the application.

These criteria are discussed in greater detail bel ow

3.7.1. Extensible

The use of physically based hydrol ogic technology is
domai n, spatial, and tenporal specific since hydrol ogic
simul ati on nodel s are devel oped to address certain
envi ronnent al probl ens and nodel s sinul ate the dom nant
hydr ol ogi ¢ processes. These nodels contain conpl ex
equations that are abstractions of reality. As a result,

nodel s devel oped for certain geographic regions are not



applicable to other geographic regions. For exanple, the
dom nant runoff generating nmechanismin the sem-arid

sout hwest is Hortonian overland fl ow and si nce hydrol ogi c
fl ow paths such as interflow are negligible, nodels

devel oped for this region often ignore this conponent.
However, in regions such as the forested Pacific Northwest,
surface runoff is often insignificant as interflowis the

dom nant runoff generating flow path. Tenpora
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consi derations such as spring snowelt or sumrer convective

t hunderstorns need to be included in the simlated

processes. Mbreover, since sinmulation nodels contain

di fferent hydrol ogi c process representation, the paraneters

requi red by nodels also differ.

In addition to the differences in process description
bet ween nodel s, the ontol ogi cal representation of
wat ersheds in sinulations nodels also differs. As a
wat ershed is divided into hydrol ogi cally honbgenous units,
the representation of the area by hydrol ogic sinulation
nodel s differs. Comon nodel discretization schemas
i nclude the single upland elenent (Figure 3.2a) where each
channel el enment has only one contributing upland el enent,

t he “open-book” representation (Figure 3.2b) where each
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channel elenment has two lateral upland elenments with each
upl and el enent contributing to either sides of the channel,
and a grid representation (Figure 3.2c) where watersheds
are subdivided into uniformpixels with each pixe

representing a hydrol ogically honmbgenous unit.

Figure 3.2. Different watershed representations in
hydrol ogic sinmulation nodels. (a) a single contributing
el enent to stream channel, (b) open book configuration
where nultiple upland el enments contribute to a stream
channel, and (c) grid representati on where watershed is
subdi vided into grid cells.

Hydr ol ogi ¢ nodel s have different tenporal
representations for which processes are sinulated and are
classified as either continuous-tine nodels or event-based
nmodel s (Si ngh, 1995). Event based nodels perform
simulations for single precipitation storns where processes

are often sinulated on hourly or smaller tine steps. These
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nodel s i nclude processes to estimte the hydrol ogic
response given a single rainfall event. Therefore,

ant ecedent conditions such as soil noisture are required as
i nput paraneters to the nodel. Continuous hydrol ogic
nodel s sinul ate processes from several years to decades,
frequently at daily or longer tine steps. These nodels
must include processes to sinulate changes in soil noisture
and differences in evapotranspiration rates through the

year.

Because hydrol ogic nodels differ in their processes
si mul ated, paraneter requirenents, watershed
representation, and tenporal representation, the spatial
deci si on support system nust be extensible providing the
capability to include new nodels with [ittle nodification
Extensible is defined as a systemthat can be nodified by
changi ng or adding features. |n making the SDSS
extensi bl e, new nodels that potentially address different
envi ronment al issues (threatened and endanger ed speci es,
for exanple), and spatial and tenporal resolutions could be

easily included in the decision support system
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3.7.2. Interoperable

Because wat er shed nanagenent deci sion nmaki ng requires
a coordinated effort between stakehol ders representing
different groups and | evels of governnment, integrated
deci si on support systens should facilitate interaction and
communi cati on anong agencies’ information systens to nmake
t he group deci sion-nmaking process nore efficient. However,
different conpeting application programmng platfornms (i.e.
Java, Visual Basic, FORTRAN, etc.), operating systens (i.e.
W ndow, Uni x, Linux, etc.), and database nanagenent systens
(i.e. Oracle 9i, M5 SQL Server, MySQ., etc.) nmake
communi cation difficult or inpossible. Standardizing
programm ng | anguages, operating systens, and dat abase
managenent systens for watershed nanagenent stakehol ders is
i npractical because different groups have distinct budgets,
| egacy systens, and requirenents for their IT
infrastructure. Creating a centralized database repository
cont ai ni ng wat ershed nmanagenent data for decision making is
a possibility, but leads to |ogistical issues such as what
data shoul d be contained in the database, who adm nisters
t he dat abase, how often is the database updated, and who

pays for infrastructure. Conponent based franmeworks have
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been adopted such as Mcrosoft’s Conponent Object Model
(COM, but lack the inclusion of all progranm ng | anguages
and all operating systens. A standardized interface that
is both progranmm ng | anguage and pl atform i ndependent
shoul d be utilized when devel opi ng i ntegrated watershed
deci si on support systens because it allows the different

managenent | T systens to interoperate.

Years of research and devel opnent have been spent on
devel opi ng simul ati on nodel s that encapsul ate our
under st andi ng of environmental processes. These
applications represent the current state of know edge and
shoul d be | everaged in the decision-nmaki ng process.

However, these nodels are often devel oped using

t echnol ogi es which nake interaction with today’ s object-
oriented, web-based technol ogi es cunbersone or inpossible.
Because different progranm ng | anguages are devel oped for

di fferent purposes, |anguages that are conputationally
efficient are often not conpatible with | anguages that have
extensive libraries for Internet devel opnent, and no single
| anguage is ideal for all applications. Therefore, an

i nt egrated deci si on support system nmust be capabl e of

i ncorporating | egacy applications that are built with
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t echnol ogi es that do not conmunicate with Internet capable

programm ng | anguages.

The Spatial Decision Support System nust be designed
and i npl emented using interoperabl e conponents that can be
utilized by other applications and/or other resource
agencies. The objective is to create conponents that can
be integrated into new applications independent of
| ocati on, progranm ng | anguages, operating systens, and
dat abase managenent systens. Achieving this objective
provides the flexibility and i ndependence from conmmerci al
of f-the-shelf (COIS) G S environnents such as ESRI ArcVi ew
3. X (ESRI, 1998) where traditionally, applications had to
be rewitten as COTS desktop environnment changed. As used
in this context, interoperability is the ability for
systens or software conponents of a systemto operate
reci procally, overcom ng barriers inposed by heterogeneous
processi ng environnents and heterogeneous data (Buehler and

Mckee, 1998).
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3.7.3. Accessible

Tradi tional decision support systens were devel oped as
singl e conputer applications such as DOS or UN X based
systens in the 1970s and Wndows in the 1990s (Shimet al.
2002). These workstati on-based applications present
chal | enges for users who are required to maintain
applications which is a daunting task for many non-
techni cal | and managers. Moreover, since the spatial
software incorporated into spatial decision support systens
is often proprietary, the cost and expertise required to
operate these applications exceeds that of the majority of
rangel and managenent stakeholders. Therefore, the proposed
application nust be nade avail able to stakehol ders who do
not have access to COTS G S software or extensive computer

experi ence.

3.7.4. Secure

Security is always a concern in Internet environnents
and reports on security breaches in Internet environnents
are frequently docunented (Pal mer and Hel en, 2001). |If

web- based applications are going to be integrated into the



deci si on- maki ng process, precautions need to taken to
assure application security. The SDSS will contain data
that users nmay consider “sensitive”, such as managenent
activities on private lands. Secure applications can | ead
to users trusting the design and architecture of the
application; conversely, users are unwilling to expose

t henmsel ves to unnecessary risks. The proposed application
nmust provide a secure environment to store user specific

dat a.

80
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CHAPTER 4
DEVELOPMENT OF A PROTOTYPE SPATI AL

DECI SI ON SUPPORT SYSTEM

4.1. |Introduction

Chapter 4 describes the design and devel opnent of the
Spati al Decision Support System The application design
follows fromthe design objectives, functionality, and
requi renents described in Chapter 3. This chapter first
presents the conceptual design and includes a discussion of
t he individual conponents of the SDSS; specifically, the
conponents include Internet Geographic Information Systens,
geopr ocessi ng conponents, a Database Managenent System
storing both spatial and aspatial data, and sinulation
nodel s. Foll owi ng a di scussion of the individual
conponents, the inplenentation of these conponents
integrated into one systemis illustrated. Finally, the
i npl ementation of the design is evaluated based on the

desi gn objectives presented in Chapter 3 and the benefits
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of the SDSS architecture are discussed. Screen captures of

the SDSS are presented in Appendi x B.

4.2. Conceptual Design

From an abstract perspective, a decision support
system franmework has four generic conponents that are basic
el ements of any DSS which include (1) a | anguage system
(2) a presentation system (3) a know edge system and (4)
a probl em processi ng system (Bonczek, Hol sapple, and
Wi nston, 1980; Bonczek, Hol sapple, and Whinston, 1981, Dos
Sant os and Hol sappl e, 1989, Hol sappl e and Wi nston, 2001).
The | anguage system and presentati on system consi st of
requests and responses the decision support system can
accept and emt. The know edge system contains the
information or intelligence the DSS has stored and retained
(Hol sappl e and Whi nston, 2001). These three conponents by
t hensel ves are incapable of perform ng decision support
tasks, but rather represent the capabilities of the
deci si on support system The fourth system the problem
processing systemis the active conponent that coordi nates
the interaction between the | anguage system the

presentation system and the know edge system The
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i nteraction between these four conponents is illustrated in
Figure 4. 1.

request R Language L,

» stem
= Probl em Knowl edge
: Processing <> System
response Presentati on Syst em
User < &/St em <

Figure 4.1 Conponents in a generic decision support system
(from Hol sappl e and Whi nston, 2001)

A Spatial Decision Support System can be consi dered as
a subtype of the generic decision support system descri bed
by Hol sappl e and Wi nston (2001). Collectively, the
i ndi vi dual conponents perform functions assisting users in
t he decision process. The problem processing system of the
generic DSS contains application |ogic devel oped fromthe
use-cases presented above and controls the sequence in
whi ch conponents are called and data are passed. This
application logic is housed on the server and acts as the
internmedi ary between the client and the SDSS conponents.
It receives the request fromthe | anguage system contai ni ng

instructions for what the user wants perfornmed and returns
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information to the presentation system which are passed to
the client. The know edge system conponents are conpri sed
of geoprocessing conponents, Internet GS, a relationa

dat abase managenent system and sinul ati on nodel i ng

technol ogy. Geographic Information Systemtechnol ogy is
used in Internet A S and geoprocessi ng conponents all ow ng
spatial data to be viewed through the Internet, and
geoprocessing capabilities to be enbedded in the
application. Figure 4.2 illustrates a high |evel
perspective of the Spatial Decision Support System
architecture and a detail ed discussion of each conmponent is

present ed bel ow.



Spati al Deci sion
Support System I nternet Map
Server
A
Application
dient |- Logi ¢ Dat abase
Si mul ati on Geopr ocessi ng
Model s Conponent s

Figure 4.2 Conceptual Overview of the Spatial Decision
Support System

4.2.1. Internet GS — Internet Map Server

To provide users with a spatial perspective, an
Internet map server is used to produce imges that are

presented to the client. The map server produces inages
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using spatial data retrieved fromboth | ocal drives and the

dat abase managenent system The spatial decision support
system generates a new i mage based on how t he user
interacts with the client application. For exanple, the
SDSS all ows users to toggle spatial |ayers on and off,

change the perspective of the map, and change the order of
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the map | ayers. The nmap server al so generates inmages that
contain dynam cally generated spatial data; after
simul ations are perforned, results are added to a map i nage

and returned to the client.

4.2.2. Ceoprocessing Conponents

The geoprocessing conponents provide the capability to
perform hydrol ogi ¢ anal ysis and prepare nodel paraneters
along with sinulating effects of rangel and nanagenent
practices. These conponents have enbedded G S functions
giving users access to G S technol ogy w thout the
conpl exities or expense of using comercial off the shelf
products. The geoprocessi ng conponents in the SDSS perform
wat er shed boundary del i neation, topographic
paraneteri zation, |and cover paraneterization, soils
paraneterization, and estimate |ivestock distribution and

i mpacts.

4.2.3. Sinulation Mdels

A primary know edge source in the spatial decision

support systemis the hydrol ogic sinulation nodel that
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encapsul at es decades of research on the fundanental
hydr ol ogi ¢ processes. The SDSS contains the Kinematic
Runof f and Erosion Mdel (KINERCS;, Smith et al., 1995)

whi ch has a long history of applications in southwestern
Arizona (Wol hiser et al., 1990; Goodrich, 1991; Mller et
al., 2002). Detailed information on KINERCS is presented
in Appendix C. Wthin the SDSS, the simnulation nodel
conponents estimte the inpact of nmanagenment on runoff and
erosion fromuser-sel ected watersheds. Future additions to
the SDSS will include the Soil WAter Assessnent Tool (SWAT,
Arnold et al., 1998) and the Arid Basin Mdel (ARDBSN,

Stone et al., 1986).

4.2.4. Database Management System

The Dat abase Managenent System contai ns both gl obal
and user specific information. The global information
consists of both spatial and aspatial data that are used to
perform sinulations. Data such as |and cover and soils
dat asets capture the variability of physical paraneters
t hrough space that are incorporated into the nodeling

process. Exanples of aspatial data include the hydrol ogic
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paranmeter values relating the physical properties of the

vegetation or soils to nodel input paraneters.

The Entity Rel ationship Diagram (Figure 4.3) provides
a conceptual view of the database design. The conplicated
aspects of the design result from dependencies in
hydr ol ogi ¢ nodeling paraneters on sinulation nodels, i.e.
nodel paraneters derived for one sinulation nodel do not
apply for a different sinulation nodel. The description of
t he nodel paraneter domain begins with the BOUNDARY entity
t hat contains delineated watershed boundaries created from
one of the geoprocessing conponent discussed above. A
wat er shed boundary can be subdivided nmultiple tines, each
of which is referred to as a topographi c paraneter set
( TOPOPARANVSETS) that contains netadata about the
di scretization process. FEach topographic paraneter set
( TOPOPARAMSETS) can have many subwat er sheds ( SUBWATERSHEDS)
representing the polygonal nodeling el enent of the
wat ershed. Each nodeling el ement ( SUBWATERSHEDS) has
associ at ed topographi c paraneters ( TOPOPARAMETERS) such as
average slope, centroid, width etc. Each topographic
par anet er set ( TOPOPARAMSBETS) can have multiple soils

and/or | and cover paraneter sets (SO LSPARANVSETS,
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LANDCOVPARAMSETS), where each contains nmultiple soils and

| and cover nodel paraneters (SO LSPARAMETERS,
LANDCOVPARAMETERS), respectively. Each of these paraneter
val ues is associated with one and only one of the

subwat ershed el ements. Each soils and | and cover paraneter
set is associated wth a respective | ook-up table
(SO LS _LUT, LANDCOV_LUT) that contains relationships

bet ween nodel paraneters and soils and vegetation cl asses.

The managenent systens ( MANAGEMENT SYSTEMS) stored in
t he Dat abase Managenent System are conprised of predefined
managenent practices. These managenent practices are
therefore subcl asses into the three managenent practices
currently supported by the Spatial Decision Support System
pasture boundaries, water points, and sedi nent detention
structures. Each of the three supported best managenent
practices has a spatial conponent that is stored as

attribute in the DBMS along with their aspatial attributes.

4.2.5. Application Logic

Where appropriate, the application architecture is

structured using design patterns which are solutions to
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commonly recurring problens in software design. The three
key design patterns used in the devel opnent of the Spati al
Deci si on Support System are the Model -Vi ew Controller,
Sessi on Facade, and Data Access (bject patterns. The
Model - Vi ew- Controller (MVC) pattern is a common structure
for web-based applications where the application logic is
decoupl ed into nodel, view, and controller conponents. The
“model 7 conponent contains the business |logic used in the
application while the “view contains the presentation
conponent for the application. The “controller” conponent
is the nessenger between the user or “view and the

busi ness | ogic or “nodel.”

The Session Facade pattern is a structure that
abstracts the server-side Entity Enterprise Java Beans
(EJBs), only allowing the Entity EJBs to communicate with
session beans. This pattern provides the benefits of |ow
net wor k over head, |ow coupling, and good reusability
(Marinescu, 2002). Wth this pattern, each use case is
i npl emented using a single session bean that coordinates
the communication with other session and entity beans;
therefore, the client is only required to nmake one network

call for the logic of a use case to be perforned.
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The Data Access bject pattern is a common pattern
used to transfer data between conponents by making a single
fine-grained nethod call. Furthernore, these objects
abstract and encapsul ate all access to the data all ow ng
t he source of the data to change without requiring the

client’s interaction to change (Alur et al., 2001).
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4. 3. Inplenentation

4.3.1. Database Managenent System

Converting the entity relationship diagramto a
relati onal schema was perforned through a nunber of steps.
The first step was to create a table for each entity cl ass.
Secondly, the nmanagenent practices subclass was transl ated
into tables by maki ng each managenent practice a separate
tabl e, which was done because each practice has different
attributes and different shape types (i.e. a point for
wat er sources and pol ygons for pastures and sedi nent
detention structures). Finally, the relationships were
i ncorporated by including foreign keys in the necessary
tables. The inplementation consists of twenty-five tables
that are listed below (Table 4.1) with a data dictionary

presented in Appendi x D.

96
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Table 4.1 List of tables used in the Spatial Decision
Support System

ELEMENT_OUTPUT(SI M D, ELEMENTI D, TYPE, PARAMCODE, PARAMNAME, VALUE,
UNI TS)

LANDCOVERLAYERS( LANDCOVLAYERI D, NAME, SDENAME, DESCRI PTI ON,
NUMVEGCLASSES)

L ANDCOVPARAVETERS( LCPARAM D, SUBWATERSHEDI D, PARAMVETERNAME, VALUE,
UNI TS, LCPARAMETERSETI D, TOPOPARANMSETI D)

L ANDCOVPARANMSETS( LCPARAMSETI D, MODELI D, LCLAYERI D, DESCRI PTI ON,
TOPOPARAMBETI D, LANDCOVLUTI D)

LANDCOV_LUT(LCLUTI D, CLASS, PARAMNAME, VALUE, UNITS, LCDESCI D)

LANDCOV_LUTDESC( LCDESCI D, NAME, MODELI D, DESCRI PTI ON)

MANAGEMENT _SYSTEMS( SYSTEM D, NAME, USERI D, BASE_TOPOPARANBETI D,
MGMT_TOPOPARANSET! D)

MGMTI_SOl LSPARAVETERS( MGMISOl LSPARAM D, SUBWATERSHEDI D, PARAVETERNAME,
VALUE, UNI TS, BASETOPOPARAMSETI D, MGMTTOPOPARANSETI D)

PARAVETER_FI LE( PARAM D, USERI D, MODELI D, WSHEDI D, SCENARI O D,
DESCRI PTI ON, XM_FI LE)

PASSWORD( USERI D, PASSWORD)

PASTURE( PASTUREI D, USERI D, RANCHI D, PASTURE_GEOW)

PASTURES | N_WATERSHED( WATERSHEDI D, PASTUREI D)

RANCH( RANCHI D,  RANCHNANME)

SI MULATI ONS(SI M D, MODELI D, TOPOPARAMBETI D, SOl LSPARANSETI D,
LCPARAVBETI D, NAVE, DESCRI PTI ON)

SI MULATI ON_MODEL( MODELI D, NAME, VERSI ON)

SO LSLAYERS( SOl LSLAYERI D, NAME, SDENAME, DESCRI PTI ON)

SO LSPARAMETERS( SO LSPARAM D, SUBWATERSHEDI D, PARAMVETERNAME, VAL UE,
UNI TS, SO LSPARVETERSETI D, TOPOPARANSETI D)

SOl LSPARAVBETS( SOl LSPARMBETI D, MODELI D, SO LSLAYERI D, DESCRI PTI ON,
TOPOPARAMBETI D, SO LSLUTI D)

SO LS_LUT(SO LSLUTI D, TEXTURE, PARAMNAME, VALUE, UNI TS, SO LSDESCI D)

SO LS_LUTDESC( SO LSDESCI D, NAME, MODELI D, DESCRI PTI ON)

STREAM SCENARI O D, STREAM D, WATERSHEDI D, STREAM GEOW)

STREAMPARAVETERS( STREAVPARAM D, STREAMNUMBER, PARAMETERNAME, VALUE,
UNI TS, TOPOPARANBETI D)

SUBWATERSHEDS( TOPOPARAMBETI D, SUBWATERSHEDI D, SHAPE, AREA)

SUMVARY_OUTPUT(SI M D, PARAMCODE, PARAMNAME, VALUE, UNI TS)

TOPOGRAPHYLAYERS( DEM D, NAME, SDENAME, RESOLUTI ON, DESCRI PTI ON,
FLOW DI R_SDENAME, FLOW ACCUM SDENANME)

TOPOPARAVETERS( TOPOPARAM D, PARAMNAME, VALUE, UNI TS, TOPOPARANBETI D,
SUBWSHEDI D)

TOPOPARAMBET( TOPOPARAMVBETI D, CSA, DEM D, WATERSHEDI D)

USERS( USERI D, EMAI L, FI RSTNAME, LASTNAME, STADDRESS1, STADDRESS2, CITY,
STATE, ZI P, COUNTRY, PHONE)

WATERSHED BOUNDARY( WATERSHEDI D, USERI D, WATERSHEDNAME, DESCRI PTI ON)

WATERSHED_SCENARI O{ SCENARI O D, NAME, DESCRI PTI ON, USERI D)
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4.3.2. Ceoprocessing Conponents

The geoprocessi ng conponents in the Spatial Decision
Support System are devel oped using ESRI ArcObjects (ESRI
2000) conponents that are deployed as Wb services (See
Appendi x D for design information). Wb services are
nmodul es that communi cate using text (XM.) based nessages.
This Wb services architecture elimnates programm ng
| anguage, operating system database nmanagenent system and
har dwar e dependenci es. Furthernore, communication is
conducted over Hypertext Transfer Protocol (HTTP),
sinmplifying the devel opnent of distributed applications.
Web services sinplify the process of incorporating |egacy
applications into the informati on systens by providing a

standard interface for all conponents.

Four geoprocessi ng conponents are included in the
spatial decision support that create spatial data based on
a user’s request, prepare nodeling paranmeters using digital
data | ayers, and estimate environnental inpacts of

managenment systens.
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§ Watershed boundary delineation

The wat ershed boundary delineati on conponent all ows
users to create watershed catchnments based on an outl et
| ocation. This conponent uses spatial data to cal cul ate
flow paths for a given catchnent. The Wb service
conponent requires the x- and y-coordi nates of the
wat ershed outlet, a watershed boundary nanme, and a
wat er shed boundary description and it returns a primary key
for the newy created boundary which is stored as a spati al
object in the database. An exanple watershed delineation

message is presented in Figure 4.4.
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<?xm version="1.0" encodi ng="UTF-8" ?>
<SOAP- ENV: Envel ope xm ns: SOAP-
ENV="http://schemas. xm soap. org/ soap ... >
<SOAP- ENV: Body>
<nsl: Creat eBoundary
xm ns: nsl="http://tenpuri.org/ nessage/" ... >
<out nunmber xsi:type="xsd:string">1311</out nunber >
<out |l et X xsi:type="xsd: doubl e">581716. 091</ out | et X>
<outletY xsi:type="xsd: doubl e">3511404. 965</ out | et Y>
<usernanme xsi:type="xsd: string">SDSSUSER2</ user nane>
<boundar yNanme xsi:type="xsd:string">Watershed
1</ boundar yNane>
<boundar yDesc xsi:type="xsd:string">Watershed 1
Desc</ boundar yDesc>
</ ns1: Cr eat eBoundary>
</ SOAP- ENV: Body>
</ SCAP- ENV: Envel ope>

Figure 4.4 The spatial decision support system for

rangel and wat er shed nanagenent uses geoprocessi ng Wb

servi ces which are conponents that comunicate through text
messages. This text nessage is sent to the watershed

del i neati on conmponent and includes a uni que nunber, outl et
| ocation, name, and description. The Wb service perforns
the watershed delineation and returns the boundary to the
client.

8 Topographi c paraneterization

For each wat ershed boundary that is delineated, the
boundary is subdivided into hydrol ogi c nodeling el enents

based on fl ow paths. These nodeling elenments are
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consi dered hydrol ogi cal |l y honbgeneous units which assunes
each el enent has uniformtopographic, soil, and | and cover
paraneters. The subdivision of the watershed boundary is
dependent on the ontol ogical representation required by the
hydrol ogi c sinmulation nodel. Two comon ont ol ogi cal
representations are the “open book” (Figure 3.2a) and the
basin wide (Figure 3.2b) discretization. An open book
representati on subdivides the watershed so each stream

el emrent has |l ateral upland planes and either an upl and
zero-ordered watershed or upland contributing channels. A
basin wi de discretization has one |ateral elenent for each
stream channel and if the basin is a first order basin, the
stream channel does not have a contributing el enent,

ot herwi se the stream channel has a contributing stream

el ement. KINERCS uses the “open book” approach which is

the only configuration currently available in the SDSS.

The t opographic paraneterization Wb service has two
different nethods that require different sets of input
requi renents to performthe operation discussed above. The
si npl est net hod accepts a wat ershed boundary identification
and a usernane. This nmethod uses defaults for the input

digital elevation nodel, flow direction grid, flow
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accunul ation grid, and discretization conplexity. The
other nethod allows client applications to specify the
input digital elevation nodel, flow direction grid, flow

accunul ation grid, and discretization conplexity.

8 Land cover and soils parameterization

The | and cover paraneterization conponent estinates
paraneters derived fromdigital |and cover |ayers for
simul ati on nodels. The |land cover |layers used in this
paraneterization routine are raster format where each cel
corresponds to a vegetation type. For each watershed
nodel i ng el enent created in the topographic
paraneterization routine, the percent of each vegetation
class is calculated and the nodel paraneter values for al
the vegetation classes in the el enent are area wei ghted.
For exanple, if a nodeling elenment has 25% forest, 25%
urban, and 50% grassl and | and cover types, the associ ated
nodel paraneter value for the current elenent is the sum of
0.25 of the forested paraneter value, 0.25 of the urban
par aneter value, and 0.50 of the grassland paraneter val ue.

The Web service nmethod requires the client to specify the
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t opographi ¢ paraneter set to paraneterize, the |and cover

| ayer to use in the paraneterization, a description of the
paraneterization, the nodel that the paraneterization wl|l
support, and the | ook-up table to use in the

par anet eri zati on process.

Simlar to the | and cover paraneterization, the soils
paraneterization routine estinmates nodel specific soi
paraneter values for the hydrol ogic sinmulation nodel. The
routine cal culates the percent of a soil texture class in
each nodeling el ement and wei ghts the nodel specific
paranmeters accordingly. The Wb service nethod requires
t he topographic paraneter set to paraneterize, the soils
| ayer to use in the paraneterization, the sinmulation node
the paraneterization will support, a description of the
soils paraneterization, and a | ook-up table relating the

soil texture values to nodel specific paraneters.

8 Livestock distribution and inpacts

The sinul ation of |ivestock distribution and resulting

environmental inpacts is a nodification of the RANGEMAP
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(Guertin et al., 1998) spatial application. The spatial
deci si on support system contains routines from RANGEMAP
that estimate the distribution of |ivestock given pasture
boundari es and water points. The relationships used to
estimate the distribution of cattle are presented in Tabl es
4.1 and 4.2. Additional information on RANGEMAP

i npl ementation is presented in Appendi x F.
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Table 4.2 Reductions in Grazing Capacity with Distance to
Water (From Table 8.8 in Hol echeck et al.,

1995)
Di stance From Wat er Percent Reduction in Gazing
Ml es Ki |l oneters Capacity
0-1 0-16 0
1- 2 1.6 - 3.2 50
> 2 > 3.2

100 (Consi dered Not G azed)

Table 4.3 Reductions in Gazing Capacity w th Percentages
of Sl ope(From Table 8.8 in Hol echeck et al., 1995)

Percent Reduction in Gazing
Percent Sl ope

Capacity
0 - 10 0
11 - 30 30
31 - 60 60
> 60

100 (Consi dered Not G azed)
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G ven the relationships in Tables 4.1 and 4.2, the
spatial distribution of grazing intensity is estimted and
infiltration rates of the soil are nodified according to
grazing intensity relationships found by Gfford and
Hawki ns (1978). G fford and Hawkins (1978) exam ned the
literature and devel oped “rough, approximte rules” for
“average reaction for porous soils” stating that heavily
grazed areas reduced infiltration capacity by approxi mately
one-half of the infiltration capacity in ungrazed
conditions and noderately and lightly grazed areas reduced
infiltration capacity by approxi mately one-quarter conpared
to ungrazed conditions. The nodified soil paraneters for
each nodeling elenent are stored in the database for future

si nul ati ons.

4.3.3. Internet CGeographic Information Systens

The spatial decision support systemutilizes ESRI’'s
Arcl M5 Internet G S technology (ESRI, 2003b). ArclM has a
Java application progranmng interface (APlI) that allows
the spatial decision support systemto control the creation
of new maps. Certain classes within the Java APl were

subcl assed to provide specific behavior unique to the SDSS.
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For exanple, the Map class in the Arcl M5 Java APl was

subcl assed to a SDSSMap cl ass which includes functionality
to add wat ershed boundaries provided a boundary identifier,
and add sinulation results provided a sinulation

identifier.

4.3.4. Sinmulation Mdels

The Ki nematic and Erosion Mdel (KINEROCS) is deployed
as a Wb service external to the spatial decision support
system Since KINEROS is a DOS executable program a Java
wr apper was created to coordinate the operation of the
nodel . The Web service takes a series of strings that
i nclude the input paraneters, the input precipitation, and
a nunber of control paraneters. The w apper converts these
string values to text files stored on disk and initializes
the KINERCS nodel. Once the nodel sinulation is conplete,

t he wrapper reads the nodel output and returns the

sinmulation results to the calling conponent.



108

4.3.5. Application Logic

The Spatial Decision Support Systemis inplenented
using twenty Enterprise JavaBeans (EJB) which are server-
si de software conponents that can be depl oyed in
distributed nulti-tier environnents (Roman et al., 2002).
There are three types of EJBs, session beans whi ch nodel
t he busi ness process, entity beans which provide an object-
oriented view of the database, and nessage-driven beans
which are simlar to session beans except that they
conmuni cate with nmessages. Additional design information

is available in Appendi x E.

4.4. Eval uation of Design Goals

In addition to the functional requirenents presented
in Chapter 3, the application is required to be extensible,
i nteroperabl e, accessible, and secure. An extensible SDSS
al l ows new sinmul ati on nodel s and managenent practices to be
easily added. Interoperability pronotes the reuse of SDSS
conponents by other applications. The SDSS nust be
accessi ble so that users w thout geographic information

sof tware or extensive background know edge of G S can
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access and use the application. And finally, the SDSS nust
be secure so that users are confortable storing sensitive
data. Wiile these design objectives are difficult to
measure quantitatively, the steps taken to neet the

obj ectives are discussed bel ow.

4.4.1. Extensible

As discussed in the spatial decision support system
requi renents, the application nust allow new nodels to be
easily incorporated into the decision processes. As new
nodel s are devel oped or new concerns are addressed by the
SDSS, sinulation nodels need to be added wi t hout requiring
the existing application to be nodified significantly.
This objective is acconplished using the object-oriented
princi ples of inheritance and pol ynmorphism Inheritance is
the concept of deriving new classes from existing cl asses,
and the invocation of the appropriate object nethod
dependi ng on where the object is in the inheritance
hi erarchy is pol ynor phi sm (Hor st mann and Cornel |, 1999).
These topics are best illustrated wth a sinple exanple.
An interface Shape is defined that has one nethod

cal cul ateArea() that returns the area of the shape. Two
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concrete classes Square and Circle inherit the Shape
interface. Because each shape has a different fornula for
calculating it’s area, each nust inplenent the

cal cul ateArea() nethod (Figure 4.4a). Once this

i nheritance hierarchy is set up, a Shape object reference
can either be assigned to a Square or a Circle object and
when the cal cul ateArea() nethod is called, the appropriate

i npl enentation of calculateArea() is executed (Figure 4.4b)
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Shape

cal cul at eArea()

T

Squar e Crcle

cal cul at eArea() cal cul at eArea()

(a) Casses Square and Circle inherit the supercl ass Shape

/'l Create two Shape references
Shape s1 = null;
Shape s2 = null;

/1 assign one of the shape references to a new Square
/1 and one to a new Circle object.

sl = new Square();

s2 = new Crcle();

/1 calling the cal cul ateArea nethod on the Shape

/'l reference calls the correspondi ng nethod on the
/'l Square and Circle objects

sl.calculateArea(); // calls calculateArea() on the
Squar e obj ect

s2.calcul ateArea(); // calls calculateArea() on the
Circle object

(b) Instantiating an object using the superclass reference
wi th a subclass inplenentation allows pol ynorphic
calls on the reference

Figure 4.5 Exanple of object-oriented concepts of
i nheritance and pol ynor phi sm
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The object-oriented concepts of inheritance and
pol ynor phi sm are used in the design and inpl enentation of
the Spatial Decision Support Systemto allow new sinulation
nodel s to be added to the application. In a simlar manner
to the exanpl e above, interfaces and abstract base cl asses
are defined through the application. The nodels
i ncorporated into the Spatial Decision Support System have
common features that allow an object-oriented hierarchy to
be devel oped. Each sinulation nodel has the capability to
be run given the appropriate input files and nodel control
files and produces sinulation output. Wthin an object-
oriented framework, these characteristics can be
represented using the following interfaces depicted in
Figure 4.5. Therefore, any sinulation nodel that is
included in the Spatial Decision Support System must

i ncl ude cl asses that inplenment these four interfaces.
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Model Control Fil e Si mvbdel | nput

get | nput ParaneterFile() :
StringBuf fer

Si mvbdel Cut put Si mvbdel

perfornti mul ation( String sind,
Model Control File control File,
Si mvbdel | nput sim nput): Si mvbdel Qut put

Figure 4.6 Interfaces used to incorporate simnulation
nmodel s into Spatial Decision Support System

In addition, the Factory Design Pattern (Eckel, 2001)
is used to centralize the creation of objects for new
simul ati on nodel conponents. To include a new nodel, a
subcl ass of Mdel Factory nust be created that overrides the
four abstract nethods, getSi mvbdel, getSi nivbdel | nput,
get Model Nane, and get Mbdel Control File. An inportant
conponent of the abstract class Mdel Factory is that it
contains a static nmethod factory. Static nmethods are cl ass
met hods rat her than instance or object nethods neani ng that
an instance is not required for a static nethod to be

called. This is inportant because the Mdel Factory cl ass
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is abstract and therefore an instance of Mbddel Factory
cannot be created. Furthernore, the inplenentation of the
factory nethod of Mbdel Factory determ nes what the
appropriate type or subclass of Mdel Factory shoul d be
returned based on the paraneters passed into the factory

met hod.

Model Fact ory

get Si mvbdel () : Si mvbdel

get Si mvbdel | nput () : Si mvbdel | nput

get Model Narme() : String

get Mbdel Control File() : Model Control File

factory(String simd, String
soi | sParanset | d,
String | andcovParanset|d, HashMap
simul ati onControl Paraneters) :
Mbdel Fact ory

Figure 4.7 Abstract class used to generate new
Model Fact ory objects for incorporating new sinulation
nmodel s into the Spatial Decision Support System

An i nplenmentation of this design can be illustrated by
exam ning the inclusion of the Kinematic Runoff and Erosion
(KINERCS: Smith et al., 1995) nodel in the Spatial Decision
Support System The four interfaces discussed above are
i npl emented by four instantiable classes,

Ki nerosControl Fil e, KinerosSi mvbdel, KinerosSi nvbdel | nput,
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and Ki nerosSi mvbdel Qutput (Figure 4.7). Since the four
interfaces do not provide any inplenentation details, the
four subcl asses provide the KINERCS-specific inplenentation
instructions for how to include the nodel into the Spati al

Deci si on Support System

Model Control Fil e Si mivbdel | nput

get | nput ParaneterFile() :
StringBuffer

Ki nerosControl Fil e Ki ner osSi mvbdel I nput

get | nput ParaneterFile() :
StringBuffer

Si mvbdel Qut put Si mvbdel
T oadDat al nt oDat abase() perforninulation( String simd, MdelControlFile
t Text Qut put (): Stri control File, Simvbdel | nput simnput):
get Tex put () rng Si mvbdel Qut put

‘ Ki ner osSi mvbdel
Ki ner osSi mvbdel Qut put

perfornfi nul ati on( String simnd,
I oadDat al nt oDat abase() Model Control File control File,
get Text Qut put (): String Si mvbdel | nput si m nput): Sinvbdel Qut put

Figure 4.8 Cass inheritance tree for including Kinematic
Runof f Erosion Mddel in the Spatial Decision Support
System
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Since the inplenentation code is now incorporated
usi ng the KI NERGCS-specific four subclasses, the next and
final step is to create the KINEROCS-specific inplenentation
of the Model Factory abstract class. Subclasses of
Model Fact ory nust inplenent four nethods: getSi mvbdel which
returns a Simvbdel object, getSi mvbdel | nput which returns a
Si mvbdel | nput obj ect, get Model Name which returns a String
obj ect, and get Model Control File which returns a
Model Control File. The KINEROCS subcl ass of Mdel Factory,

Ki ner osMbdel Factory (Figure 4.8), creates and returns the
KI NERCS i npl ement ati ons of the four interfaces described

above.
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Model Fact ory

get Si mvbdel () : Si mvbdel

get Si mvbdel | nput () : Si mvbdel | nput

get Model Narme() : String

get Model Control File() :
Model Control Fil e

Static factory(String simd, String
soi | sPar anmset | d,
String | andcovPar anset | d, HashMap
si mul ati onCont rol Parameters) :
Mbdel Fact ory

Ki ner osMbdel Fact ory

get Si mvbdel () : Si mvbdel
get Si mvbdel | nput () : Si mvbdel | nput
get Model Name() : String
get Model Control File() :
Model Control Fil e

Figure 4.9 The Mdel Factory abstract class nust be
extended for the KINEROCS-specific inplenentation which
controls the instantiation of the KINERCS i npl enentation of
t he Si mvbdel, Si mvbdel | nput, and Model Control Fil e

i nterfaces.

4.4.2. |Interoperable

The utilization of Web services in the design and
i npl enent ati on provi des conponents that can be included
into other applications. As previously nmentioned, Wb
services are conponents that communi cate using text-based
nmessages and therefore elimnate proprietary comrunication

and data protocols. Since all of the geoprocessing
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conponents are published as Wb services, they could be
included in other applications. For exanple, if a A S
devel oper in Phoeni x needs a wat ershed boundary created
given a watershed outlet, they could | everage the

Creat eBoundary Wb service in the spatial decision support
systemrather than creating a duplicate conponent to

performthe sanme task

4.4.3. Accessible

The spatial decision support systemis nade accessible
through the Internet, mnimzing the application
mai nt enance required by users. Providing access to these
applications opens doors to future research to evaluate the
rol e of technology in bottom up decision-making for
wat er shed managenent. As stated previously, successful
bott om up deci si on maki ng hi nges on educati ng st akehol ders.
This type of application provides a resource to inform
deci si on mekers about the problens, and allows themto
desi gn and eval uate potential managenent alternatives to

identified problens.
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Wi | e depl oyi ng wat er shed nanagenent applications via
the Internet greatly increases availability to users, |ess
than half or over 61.6 mllion (41.5%in August 2000) of
all American househol ds do not have access to the Internet
(NTI A and ESA, 2000). Mbreover, Internet access is
unequal ly distributed across the United States, wth access
in rural areas |ower than urban areas. Therefore, rural
st akehol ders will be forced to find other alternatives such
as public libraries to get access to Internet applications.
However, the digital divide between the “haves” and the
“have nots” is narromng. Mre inportantly for watershed
managenent, the gap between households with internet access
in rural areas and the nationw de average has narrowed from
4.0 percentage points in 1998 to 2.6 percentage points in
2000 (NTI A and ESA, 2000). In rural areas, 38.9% of the
househol ds had I nternet access; a 75% i ncrease from 22.2%

i n Decenber 1998.

4.4.4. Secure

Different users will have different objectives for

usi ng the spatial decision support system sone users wll

use the SDSS for managenent deci sion-nmaking while other
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users will curiously explore the application’s
functionality. As a consequence, a security framework is
i npl emented to all ow users devel opi ng managenent systens to
access their data while not hindering the experience for

t hose exploring the capabilities of the SDSS, who do not
requi re user specific data to be stored and retrieved. To
acconplish this goal, the SDSS uses a form based

aut henti cati on approach requiring users to sign-in to save
sinmulation data for the current session and retrieve
managenent scenarios from a previ ous session; however,
users not signed-in are provided with the sane
functionality for a session. Formbased authentication is
comonly used in ecomerce sites such as Amazon. com where
users can browse and retrieve information on books but are

required to sign-in for purchases.

4.5. Summary of the Benefits of the SDSS

The Spatial Decision Support System provides a nunber
benefits conpared to ot her decision support systens
resulting fromits architecture and depl oynent net hods.
The incorporation of Web services in the deploynment of the

conponents provides the first series of GS Wb services
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tailored for watershed managenent. Utilizing this
framework sinplifies the devel opnent of applications in the
future that are capable of |everaging these conponents. In
addition, the Spatial Decision Support System m nim zes the
i nput parameter values required fromusers, one of the
deterrents in the adoption of decision support systens
identified by Uan and Janssen (2003) and Newran et al.
(2000). Integrating the geographic information systeminto
the application allowed the majority of the paraneter

val ues required by the sinmulation nodels to be derived from
readily available digital data |ayers. Furthernore, the
use of both Internet A S and geoprocessi ng Wb services
provi ded access to these technol ogies to users who

typically do not have access.

The design of the Spatial Decision Support System
provi des an easy neans for users to define spatially
explicit managenent alternatives. Users create
alternatives through an intuitive interface, draw ng and
attributing managenent practices on a map. Estinmates of
sedi nent yield can be produced for these user defined
managenent system using process based, hydrol ogic

simul ati on nodels. Users are also capabl e of conparing
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managenent systens to determ ne which system produces the

| onwest estimated sedinent yield for a given | ocation.



CHAPTER 5

QUANTI FYI NG ERROR I N DI G TAL ELEVATI ON MODELS

5.1. Introduction

| ncor porating hydrol ogi c simulation nodels into the
wat er shed deci si on nmaki ng process is a conpl ex procedure.
Deci sion makers are required to have an understandi ng of
the probl ens and the physical processes causing the
probl enms. Abstracting the physical watershed

characteristics into nodel paraneters requires detail ed
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know edge of npdel process representati on which exceeds the

capabilities of many decision makers. Autonmated

applications such as the Spatial Decision Support System

sinplify the process, providing an opportunity to | everage

advances in science into the decision process.

Even t hough fundanental equations in the core

hydr ol ogi ¢ nodel s are based on decades of scientific

resear ch, hydrol ogi c nodeling output contains a trenendous



anount of uncertainty. This uncertainty stens from
mul ti ple sources, including errors in input data and our
inability to represent conplex physical processes with
mat hemati cal equations. Because of this uncertainty,
multiple sinmulations are required to capture this

uncertainty in nodeling results.

The autonat ed procedures included in the Spati al
Deci si on Support System all ow managers to systematically
explore the solution space nore easily than stand-al one
nodel i ng applications. The SDSS contains a database to
potentially store hundreds or thousands of simnulations
allowing these results to summari zed and presented to
users. These “bul k sinulations” can explore errors

resulting fromdifferent input GS data | ayers, different
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| ook-up paraneter values, and different precipitation event

sizes and distributions. Bulk sinulations are nearly

i npossi bl e usi ng stand-al one nodels due to the conplexities

i n nodel paraneterization and managenent of output. The
SDSS coul d al so be used in optimzation routines because

bot h i nput and output are controlled by the application.
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As stated previously, one of the sources of
uncertainty that has an inpact on nodeling output is input
data. Common geographi ¢ data used to derive hydrol ogic
nodel i ng paraneter values include soils, |land cover, and
t opography. While | and cover and soils have been studied
by other researchers, the first geographic data set used by
the SDSS is a digital elevation nodel. The DEMis required
to delineate watershed boundaries, sub-divide a watershed
into nodeling elenments, and estimate nodel paranmeters such

as sl ope and area.

The objective of this chapter is to evaluate and
assess the digital elevation nodels that are used in the
spatial decision support system The analysis is conposed
of several steps including conparing elevation val ues of
readily available Digital Elevation Mddels (DEMs) with
survey data, conparing DEMs with high-resolution research
quality digital elevation nodels, conparing hydrol ogic
paraneters and wat ershed boundaries derived fromdifferent
DEMs, and conparing sinulation output using the different
DEMs with observed data. This analysis uses nethodol ogy

initially applied in research by Syed (1999), allow ng
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results fromthis study to be conpared with results from
t he previous research. Furthernore, using the sane
approach and survey data provides insight into the
i nprovenents of readily avail able digital elevation data

t hrough tine.

5.2. Wal nut Gul ch Description

The Wal nut Gul ch Experinental Watershed is |ocated in
sout heastern Arizona surrounding the historic town of
Tombst one. The 150 square kiloneter (57.9 ni?) watershed
was established in the early 1950’s and is mai ntai ned and
operated by the USDA ARS Sout hwest WAt ershed Research
Center in Tucson, AZ. Currently, the watershed has 88
preci pitation gauges and 29 runoff-nmeasuring sites equi pped
wth el ectronic sensor/datal ogger/radio telenetry
configurations allowing the transfer of data fromthe
wat ershed to the Tucson research station via radio
communi cation on an automated daily schedule. These
unpr ecedent ed net eorol ogi cal and hydrol ogi cal data are
conplenented with G S data detailing stream channel s

(resolution up to 0.5 neters in wdth), a 10-neter



resolution Digital Elevation Mdel derived fromortho

st ereophot os, soils data derived from 1: 5000 scal e aeri al
photos, along with detail ed | and ownership, geol ogy,
vegetation, and ecological sites layers. For a nore
detail ed description of the hydrol ogy of the Wal nut Gl ch

Experi mental Wat ershed see Renard (1970).

Five watersheds in the WAl nut Qul ch Experi nent al
Wat ershed were selected to quantify error introduced from
different resolution digital elevation nodels. These
sel ected wat ersheds consi st of a range of sizes (from
14,800 ha to 4.45 ha) providing a conparison at different
scales. Al five watersheds have been digitized from
aerial photographs providing an estimte of “true”
wat er shed characteristics. The five watersheds (Figure

5.1) are all of Walnut Gulch (W& 1) which is the | argest
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with an area of 14,800 ha, watershed 6 (W>6) with an area

of 9,353 ha, Watershed 11 (WG 11) with an area of 785 ha,
wat er shed 223 (W5 223) with an area of 48.35 ha, and

wat ershed 104 (LH104) with an area of 4.45 ha.
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Wat ershed 104 (LH-104)

Wal nut Qul ch (We-1)

Figure 5.1 Map of sinulated watersheds on the Wal nut Gul ch
Experi mental Watershed
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5.3. G S Data Sources: Digital Elevation Mdels

The devel opment of digital elevation nodels has
rapi dly advanced during the past few years as new
t echni ques and technol ogi es have been devel oped to coll ect,
i nterpol ate, and di ssem nate spatial data. Technol ogies
such as Interferonmetric Synthetic Aperture Radar (IFSAR),
once only used for specialized research purposes, are now
bei ng applied to devel op broader scale digital data. 1In
addition, inprovenents in data processing have also led to
nore accurate spatial nodels. As conputing costs continue
to decrease, the availability of digital elevation data has
i ncreased dramatically and users now have several choices
of DEMs fromdifferent agencies. The recently devel oped

DEMs included in this analysis are di scussed bel ow

5.3.1. Walnut Qulch Experinental Watershed Data

Dat a have been collected on the Wal nut Qul ch
Experimental Watershed in southeastern Arizona over the
past five decades. In addition to the extensive stream

fl ow and neteorol ogi c datasets, the watershed contains a
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rich geospatial database. Three of the digital elevation
nodel s incorporated in this analysis were created
specifically for research on the Wal nut Qul ch Experi nent al

Wat ershed fromdifferent data sources and techni ques.

5.3.1.1. InterFeronetric Synthetic Aperture Radar DEM

Two digital elevation nodels included in this analysis
were derived fromlInterFeronetric Synthetic Aperture Radar
data (IFSAR). |IFSAR is a nodification of the traditiona
Synthetic Aperture Radar systemintegrating interferonetry
techni ques to neasure the third di nensional points with a
hi gh degree of accuracy (Hensley et al., 2001). IFSAR is
an active renote sensing systemallow ng neasurenents to be
obt ai ned at night and under cloud cover. The IFSAR digital
el evati on nodel s were acquired for Wal nut Gulch by the
I ntermap STAR-3i systemin cooperation with Earthwatch Inc.
and have been tested to provide a sanple spacing of 5
meters or |less and a vertical accuracy of approximately 2
meters (Syed, 1999). A 2.5 and a 10 neter DEM were created

fromthese data where the 10 neter DEM was processed with a
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snoot hing algorithmto reduce phase noise (Hensley et al.

2001) .

5.3.1.2. 10 Meter Photogrammetric DEM

A 10 neter photogramretric digital elevation nodel was
created from 1: 24000 scal e, ortho-rectified aerial
phot ographs taken in 1994 (Mller, 1995). Upland el evation
points were extracted at 40 neter intervals and verified
wi th survey |ocations while the stream network was
digitized from 1:5000 neter ortho-rectified aerial
phot ographs. The digital elevation nodel was created using
the TOPOGRI D command in ESRI Arclnfo (ESRI, 2000) which
generates a hydrologically correct DEM provi ded el evation
points and a stream network. The TOPOGRI D command i s based
on t he ANUDEM program devel oped by M chael Hutchi nson
(1988, 1989) and uses a spatially varying residual nean
square that produces inproved results in basin and range
t opography. The resulting DEM was conpared with total
station survey points indicating an el evation accuracy of

+/- 0.7 neter total height accuracy (MIller, 1995).
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5.3.2. United States Geol ogical Survey Elevation Data

Through the National Mapping Program the United
St ates Geol ogi cal Survey (USGS) has col |l ected and
di ssem nat ed el evati on datasets since the md 1970’'s and
continues to devel op data of varying qualities and
resolutions (Gsborn et al., 2001). The USGS publishes data
in “Level s” based on data sources and production nethod
which results in data suitable for different purposes. The
first elevation datasets published for a national coverage
were Level 1 DEMs which were created photogrammetrically by
manual profiling or image correl ation techni ques from
Nat i onal Aerial Photography Program or equival ent source
phot ographs (7.5 m nute DEM Metadata). This first series
of elevation data are available for the continental United
States and have been replaced by the nore accurate Level 2

dat a.

U. S. Ceological Survey Level 2 digital elevation
nodel s were created through interpolating contours
digitized from 1: 24. 000-scal e or 1:100, 000-scal e maps and

are nore accurate conpared to Level 1 data. These data are
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available with either 10 or 30-neter resolutions covering

the continental United States.

U S. Ceological Survey Level 3 data integrate al
categories of hypsography, hydrography, ridgeline, break
line, drain files and all vertical and horizontal control
networks (7.5 m nute DEM Metadata). Since nost uses of
U S. Ceological Survey' s digital elevation products
transcend the 7.5 mnute tiles, the USGS devel oped a
Nat i onal El evation Dataset (NED) that contains the “best
avai | abl e” topographic data. The NED consists of over
57,000 quadrangl e-based DEMs and i s updated every two
nmont hs to incorporate new DEM production (GCsborn et al.,
2001). Two USGS digital elevation nodels are used in this

anal ysis, the 30- and 10-neter |evel 2 DEMs.

5.3.3. Shuttle Radar Topography M ssion El evation Data

The Shuttl e Radar Topography M ssion (SRTM data were
col |l ected over an el even-day m ssion in February, 2000 by
t he Space Shuttl e Endeavour when 99.97% of the Earth’s | and

mass between 57 degrees south and 60 degrees north | atitude
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were mapped using a C band radar system (Hensley et al.
2001). The mapping m ssion was conducted by the National

| mmgery and Mappi ng Agency (NI MA) and the National
Aeronautics and Space Adm nistration (NASA) and provi ded
the first seaml ess topographic map of the world. For the
continental United States and North Anerica, 1-arc second
(approximately 30 neter) and 3-arc second (approxi mately 90
nmeter) data are avail able, respectively. However, only the
3-arc second data are currently avail able for southeastern
Arizona and are used in this analysis. To date, this is
the best available seam ess Digital Elevation Mdel for the
United States and Mexico, key areas in the application of

the Spatial Decision Support System

5.3.4. Digital Elevation Mdels Analyzed by Syed, 1999.

Research conduced by Dr. Kanran Syed at the Sout hwest
Wat er shed Research Center in Tucson, AZ quantified the
error in readily available digital elevation nodels.
Il'lustrating how rapidly the quality of data has changed,
the DEMs used in Dr. Syed’'s research have been inproved

significantly. Dr. Syed used six digital elevation nodels



in his analysis including a 2.5 neter
Synthetic Aperture Radar (I FSAR) DEM a 5 neter

fromsurvey data for a small

15 meter

for a smal

Level

ar ea

DEM created from | ow | eve
wat er shed i n Wal nut CGul ch,
1 DEM an Agricultura

phot ogrametry 40- neter

Agency 3 arc second (~30 neter) DEM

Table 5.1 Summary of Digital

ar ea
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Interferonetric

DEM cr eat ed

wat er shed in Wal nut Gul ch, a

phot ogrametry

a USGS 30-meter
Research Service | ow | eve

DEM and a Def ense Mappi ng

El evati on Mbdels used in this

Anal ysi s
DEM Nane ReSO(|nl;tl on Aeri al Extent Sour ce
val nut Qul ch I nt erf_er ometric
| FSAR 2.5 Experimental Wt er shed Synthetic Aperture
Radar
Interferonmetric
Wal nut Qul ch .
| FSAR 10 Experimental Wt er shed Synthetic Aperture
Radar
USGS 10 Entire United States USGS Cont our Data
USGS 30 Entire United States USGS Cont our Data
1: 24000 and 1:5000
e 10 o eryﬁngglcagfgrshed orthorectified aeria
P phot ogr aphs
Interferonetric
SRTM 90 North America Synt hetic Aperture
Radar
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5.4. Conparison with Survey El evations

Dr. Syed collected elevation data in two different
regi ons of Wal nut Qulch characterizing different
t opographic reginmes, a highly dissected area in the
northeastern portion of the watershed and a hilly region in
t he sout hwestern portion of the watershed (Figure 5.2).
These contrasting areas provide an opportunity to quantify
accuracy of selected digital elevation nodels in areas that
are inmportant from a hydrol ogi c nodeling perspective al ong
wWth areas that are potentially nore difficult to represent
W th topographic nodels. N nety elevation points in the
hi ghly di ssected area of the watershed were collected by a
prof essi onal surveyor in 1993 and docunented in Sm | ey
(1994). Syed (1999) provided a conservative estinate of
vertical accuracy for these data of + 0.2 nmeters. Thirty-
five elevation points were surveyed in the hilly region of
the sout hwestern area of WAl nut Qulch by Syed (1999).
These data have an average horizontal positional accuracy
and vertical accuracy of 0.057 nmeters and + 0.16 neters

respectively, as quantified by Syed (1999).
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For each of the one hundred twenty-five surveyed
el evation points, the elevation values were extracted from
the corresponding cell for each of the six digital
el evation nodels. The result fromthis procedure was six
el evati on val ues for each surveyed data point from which
t he mean di fference, maxi numdifference, m nimm
di fference, range of differences, standard devi ation of
difference, and root nean square error (RVBE) was
cal cul ated. These results are presented in Table 5.2

bel ow.



138

i il " o8 ¥
Figure 5.2 Survey locations in Wal nut Gul ch Experi nent al
Wat ershed. Highly dissected area data (top) were collected
by Smley (1993) and hilly region (botton) elevation data

were coll ected by Syed (1999)
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The three high-resolution digital elevation nodels for
t he Wal nut Gul ch Experinental Watershed had snmall er nean
el evation differences conpared to the widely avail abl e
digital elevation nodels for the highly dissected area of
the watershed. However, for the hilly region of the
wat ershed the nean differences for all DEMs in the analysis
were approxi mately the same, with the coarsest resol ution
DEM perform ng the poorest. |In the highly dissected area,
the 2.5-neter Interferonetric Synthetic Aperture Radar data
were the closest to the survey elevations with a nmean of
—0.22 meters and a standard deviation of 0.49 neters, and
the WAl nut Qul ch photogrammetric 10-neter digital elevation
nodel had slightly poorer results with a nmean of -0.27
meters and a standard deviation of 0.90 neters. As
illustrated by the results in Table 5.2 and Figures 5.3 and
5.4, the digital elevation nodels had | ower neans and
standard deviations for the hilly region conpared to the
hi ghly di ssected area of the watershed. Residuals were
conputed for the 90 survey points in the highly dissected
area and illustrate that the two USGS DEMs (10 neter and 30
meter) and the 90 neter Shuttle Radar Topography M ssion

(SRTM DEMS overestimted the el evati on val ues conpared to
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the survey data (Figure 5.3). The nean difference conputed
by subtracting the survey elevation fromthe DEM el evati on
was closer to zero for the hilly region conpared to the

hi ghly di ssected area. The nean el evation difference for
the 90 survey | ocations fromthe DEMin the highly

di ssected region was 5.28, 5.37, and 1.90 neters for the
USGS 10 nmeter, USGS 30 neter, and SRTM 90 neter digital

el evati on nodel s, respectively.

In contrast to the 35 survey points in the hilly
region in the southwestern portion of Wal nut Gulch, the
w dely avail able DEMs had a nean difference of -1.06, -
1.08, and 1.06 neters for the USGS 10 neter, USGS 30 neter,
and SRTM 90 neter digital elevation nodels, respectively.
Both of the USGS digital elevation nodels had a smaller
standard devi ation of elevation difference for the hilly
regi on conpared to the highly dissected area of the
wat ershed. However, the ninety-neter shuttle data had a
hi gher standard devi ation of elevation difference for the

hilly region conpared to the highly dissected area.
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The residual differences also indicate that the
digital elevation nodels provide a better estinmate of
t opography for the hilly region conpared to the highly
di ssected area. In the highly dissected area, the nean
el evation differences for the wdely avail able DEMs were
positive, indicating that the DEM el evati on val ues
overestimate the surface elevation (Table 5.2 and Figure
5.3). Inthe hilly region, the nean differences in
el evation for the USGS DEMs were slightly negative and
t herefore underestimate the el evati on val ues. Conparing
the distribution of residual values in Figure 5.3 and
Figure 5.4, the errors in the hilly region are very cl ose
to zero, which also indicated by the values in Table 5. 2.
For the highly dissected region, both the USGS DEMs and the
Shuttl e Radar Topography M ssion data overesti mated

el evati on val ues.
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Table 5.2 Summary of Results from conparing DEMs with
survey data**

D fferences between DEMs and survey in hilly southwestern
regi on of Wal nut Gul ch (N=35)

| FSAR | FSAR USGS USGS WG DEM SRTM SRTM
Statistic 2.5 m 10 m 10 m 30 m 10 m 30 m 90 m
Max 0.78 2.04 1.85 1.45 2.02 XX 25. 04
M n -2.26 -3.93 -3.40 -6.80 -2.83 XX -13.65
Range 3.04 5.97 5.25 8. 25 4. 85 XX 38. 69
Mean -1.05 -1.68 -1.06 -1.08 -0.47 XX 1.06
SD 0. 69 1.25 1.30 1.56 1.12 XX 7.15
RVSE 1.248 2.088 1.668 1. 880 1. 200 XX 7.123

Di fferences between DEMs and survey in dissected
nort hwestern regi on of Wal nut Gul ch (N=90)

| FSAR | FSAR USGS USGS WG DEM SRTM SRTM
Statistic 2.5 m 10 m 10 m 30 m 10 m 30 m 90 m
Max 1.04 1.34 13.52 13. 32 1.65 XX 10. 34
M n -1.42 -3.76 -0.14 0. 26 -2.11 XX -11. 47
Range 2.46 5.10 13. 66 13. 06 3.76 XX 21.81
Mean -0.22 -0.72 5.28 5.37 -0.27 XX 1.90
SD 0. 49 0. 83 2.57 2.48 0. 86 XX 3.55
RVSE 0. 536 1. 094 5.871 5. 907 0. 896 XX 4,015

** Al values are cal cul ated as DEM El evati ons — Survey
El evati ons
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Figure 5.3 Plot of residuals for 35 elevation points in
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A subset of the survey data fromthe above anal ysis
was selected for the six digital elevations nodels to
exam ne topographic profiles. Four transects were plotted,
two orthogonal transects in the hilly region in the
sout hwestern area of the watershed and two orthogonal
transects in the highly dissected area of the watershed.
The | ocations of transects are illustrated in Figure 5.5.
For these transects, topographic profiles were extracted

fromthe six DEMs and plotted in Figures 5.6 through 5.9.

For the hilly region in the southwestern portion of
t he wat ershed, the two transects plotted in Figure 5.6 and
Figure 5.7 indicate that the digital elevation nodels
approximate the surface well. Transect 1 (the north to
south transect) has two peaks which are both represented in
all of the DEMs exam ned. Along this transect, the | ow
| ying area between the peaks is not neasured with a survey
poi nt and therefore cannot be evaluated. Transect 2 (the
west to east transect) is also represented well by the six
digital elevation nodels. The single peak in Transect 2

was captured by all six DEMs and the up sl ope and down
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sl ope are estimated reasonably well with the Shuttle Radar
Topography M ssion 90-neter data that represents the

t opogr aphy the poorest.

The digital elevation nodels did not performwell in
the highly dissected region conpared to the hilly region as
i ndicated by Transects 3 and 4. As apparent from both
transects, the USGS digital elevation nbdels over estimte
t he topography in this region while the Shuttle Radar
Topography M ssion data underestimated the el evation.
Transect 4 is particularly interesting because of the
entrenched channels near the end of the transect, which are
not captured by the three widely avail able DEMs. The USGS
10 and 30 neter DEMs have slight decreases in elevation
near these head cuts but do not represent the incised
areas. The SRTM 90 neter data do not capture the tops of
the ridge but the elevation values represent the bottons of

t he head-cuts.
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Figure 5.3 Location of survey transects in Walut Gulch
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5.5. DEM Derived Hydrol ogic Properties

Hydr ol ogi ¢ properties are derived fromthe six digital
el evati on nodel s and conpared in this section. First, the
preprocessi ng steps required to make the DEMs
hydrol ogically correct are discussed. Watershed boundaries
are delineated and conpared for five different sized
wat ersheds in the Wal nut Gul ch Experinental Watershed. For
the three | argest watersheds, the boundaries are subdivided
into nodeling elenents and the hydrol ogi c paranmeters from

the six DEMs are conpared.

5.5.1. DEM Preprocessing

Dependi ng on the source and format of the digital
el evati on nodel s, certain preprocessing steps are required
prior to performng the error analysis. As discussed
above, the DEMs fromthe USGS that are distributed as tiles
corresponding to 7.5 m nute quadrangl e maps were nosai ced
usi ng the Arcl NFO command MERGE. This command conbi nes

multiple grids into a single grid, and was perforned on the
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USGS 30 neter level 2 and USGS 10 neter digital elevation

nodel s.

To performa hydrol ogic analysis using digital
el evati on nodel s, the datasets nmust be what is comonly
referred to as “hydrologically correct”. Digital elevation
nodel s conmonly contain depressional areas or “pits” where
wat er woul d becone trapped and not contribute to a stream
channel. These artifacts can be renoved using the FILL
command in Arcl NFO whi ch anal yzes the fl ow paths of the DEM
| ocating these problem areas and nodifying the el evation of
these cells. An additional step to make a DEM
hydrol ogically correct is to engrave the stream channel
into the DEMto ensure that the flow paths coincide with
known channels. Since the analysis performed through this
research is to evaluate the flow paths using different

dat asets, this procedure was not perforned.

5.5.2. Watershed Boundary Del i neations

The process of creating watersheds and stream channel s

requires multiple steps and the creation of internediary
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datasets. The first step is to create a flow direction
grid which determnes the direction water flows out of a
given cell. The flow direction algorithm nost commonly
used and the one used in this analysis is the basic “D8”

al gorithm whi ch assunes water only flows froma cell in one
of eight directions (Farfield and Leymarie, 1991; Martz and
Garbrecht, 1998). The cell that water flows out of is

assi gned a val ue corresponding to the flow path (Figure
5.10). Fromthe elevation grid, the D8 al gorithm assunes
water flows along the path of steepest decent and when two
flows paths are of equal slope, one is arbitrarily
selected. This algorithmtypically works well for snall

wat ersheds in areas of high relief (Jones, 2002).

30 | 64 | 108 N VIV ¢« 2 | a|a|a|8 |16
- |ININ |V yl Y 1 |22 8|88
16 1 20 B O P B A B P 128 4 | 4| 4| 4|16
VI | vl ¢ |« 4 | 4|8 16| 8 |16
8 4 ) Vlvl—lvlv|lv 4 |8 |16|8 |8 |8
Y ||| <]« |« 8 16 | 16 | 16 | 16 | 16

Figure 5.8 The nuneric value corresponding to the
direction water flows out of the center cell (a), flow
directions (b), and the corresponding flow direction grid

(c).
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While the flow direction grid determ nes how fl ow
noves from an individual digital elevation nodel cell, the
nunber of cells contributing to a given cell is called the
fl ow accurmul ati on value. The calculation of this grid
requires the presence of the flow direction grid with each
cell containing a value corresponding to the nunber of
contributing cells. An inportant characteristic of the
fl ow accurmul ation grid is the presence of the | argest
accunul ation value at the outlet of the watershed. The
fl ow accunul ation grid is also used to | ocate stream
channels within a watershed; cells wth a flow accunul ati on
val ue greater than a user defined threshold are
recl assified as stream channels. This user specified
reclassification value identifies the initiation of a
stream channel and is commonly referred to as the

Contributing Source Area (CSA) or critical support area.

In order to perform hydrol ogi c nodel sinulations,
wat er sheds boundaries are delineated and then subdi vi ded
into nodeling elements that consist of channels and pl anes.
The nunber of planes and channels or the conplexity of the

di scretization is determ ned by the contributing source
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area value. Small CSA values yield a higher nunber of
nodel i ng el enments conpared to | arger CSA val ues.
Determining the nost realistic CSA value is site specific
(see Syed 1999; MIler 2002). A range of CSA values wll

be used in this anal ysis.

Froma flow direction grid and a watershed outl et
| ocation, a watershed boundary is delineated by identifying
all the cells within a DEMthat contribute to a watershed
outlet. A watershed boundary is delineated for each of the
six digital elevation nodels identified above for five
different sized watersheds in the Wal nut Gul ch Experi nent al
Wat ershed. Using the sane five watershed outlet |ocations,
boundari es are conputed and conpared below. It should be
recogni zed that due to the differences in resolutions in
the DEMs, for each watershed boundary delineated the
wat er shed outl et |ocation was required to be noved a snal

di stance to the point of nmaximum fl ow accunul ati on.
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Figure 5.9 A flowdirection grid (a) is used to cal cul ate
a flow accunul ation grid (b).

Wat er shed boundaries were created for five watersheds
in the Wal nut Gul ch Experinental Watershed using the six
digital elevation nodels. Results fromconparing the
del i neat ed boundaries to “true” boundaries that were
digitized fromaerial photographs are presented in Table
5.3. Al six digital elevation nodels under predicted the
wat ershed areas for the two | argest watersheds, W1 and
WG 6. For the |argest watershed, the Wal nut Gul ch DEM
predicted the “true” area best followed by the USGS 10
meter DEMwith the Shuttle Radar data perform ng the
poorest. For the watershed area draining to flunme 6, the
USGS 10 neter data were nore accurate in estimating area
than the other DEMs, with the Shuttle Radar data again

perform ng the worst. The highest resolution data, the
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boundary delineated with the IFSAR 2.5 neter data was nore
than 100 hectares (-1.09 percent) under the “true”

wat ershed area. For the smaller watersheds W5 223 and LH
104, the DEMs estinmated approxi mately the sanme watershed
area with the exception of the Shuttle Radar data. As
expected, the cell resolution is too coarse for these
smal | er wat ersheds and therefore should not be used for

sinmul ations at this scal e.

For illustrative purposes, the delineated watershed
boundaries for watershed LH 104 are presented in Figure
5.11 below. While none of the boundaries cal culated from
digital elevation nodels matched the digitized “true”
boundary, some did better than others. As expected, the
hi ghest resolution IFSAR 2.5 neter DEM appears to be the
cl osest to actual with the coarsest resolution SRTM 90
nmet er DEM predicting the poorest. For the SRTM DEM the 90
meter grid size was not detailed enough to represent this
smal | tributary watershed and therefore, the autonmated
boundary delineation routine noved the watershed outlet to

the | arger stream channel
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Figure 5.10 Boundaries delineated for Watershed 104 (LH
104) using six digital elevation nodels
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Table 5.3 Area and Perineter Results from Wat ershed
Boundary Delineation with Six Digital Elevation Mdels

Difference in Per cent

Wat er shed DEM Name Area (ha) Area (ha) Difference
WG 1 Digitized 14800 -- --
SAR 2.5m 14682 -118 -0.80
SAR 10m 14675 -125 -0.84
USGS 10m 14709 -91 -0.61
USGS 30m 14668 -132 -0.89
WG 10m 14720 -80 -0.54
SRTM 90m 14191 - 609 -4.11
WG 6 Digitized 9353 -- -
SAR 2.5m 9251 -102 -1.09
SAR 10m 9238 -115 -1.23
USGS 10m 9297 -56 -0. 60
USGS 30m 9283 -70 -0.75
WG 10m 9305 -48 -0.51
SRTM 90m 8988 - 365 -3.90
WG 11 Digitized 785 -- --
SAR 2.5m 781 -4 -0.51
SAR 10m 784 -1 -0.13
USGS 10m 783 -2 -0.25
USGS 30m 788 3 0. 38
WG 10m 792 7 0. 89
SRTM 90m 765 -20 -2.55
WG 223 Digitized 48. 35 -- -
SAR 2.5m 49. 70 1.35 2.79
SAR 10m 49. 92 1.57 3.25
USGS 10m 50. 84 2.49 5.15
USGS 30m 44. 25 -4.10 -8.48
WG 10m 46. 56 -1.79 -3.70
SRTM 90m 54. 08 5.73 11. 85
LH 104 Digitized 4. 45 -- -
SAR 2.5m 4.73 0. 28 6. 29
SAR 10m 4.73 0. 28 6. 29
USGS 10m 4.75 0. 30 6.74
USGS 30m 4. 66 0.21 4.72
WG 10m 3.28 -1.17 -26.29

SRTM 90m 53. 67 49, 22 1106. 07
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5.5.3. Drai nage Dependent Ceonetric Paraneters

To conpare the hydrol ogi c paraneters derived from
different digital elevation nodels, values will be
generated for outlet locations within Wal nut Gul ch using
the six different DEMs. Watershed boundaries will be
created using three outlet |ocations providing a range of
wat ershed sizes fromthe entire Wal nut Qul ch Experi nent al
Wat ershed (14,800 ha) to Watershed 11 (785 ha). These
wat er shed boundaries will then be subdivided using small,
medi um and | arge contributing source area val ues which
correspond to 0.5, 8, and 15 percent of the watershed
boundary area, respectively. For each of the watershed
boundaries and discretizations, the follow ng values wl|
be cal cul ated providing the conpari son of val ues determ ned
fromthe different DEMs.

§ Total Watershed Area

8 Nunber of Channel Segnents

§ Mean Channel Length

8§ Mean Channel Sl ope

8 Nunber of Upland Pl ane El ements

8§ Mean Upl and Pl ane Area
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§ Mean Upl and Pl ane Sl ope

The average sl ope for the upland planes and channels is
measured by conputing the slope for the digital elevation
nodel and averagi ng these values for the el ement.

Computing the slope for the DEM was conducted usi ng ESRI
ArcObj ects which uses the average maxi num techni que
(Burrough, 1986). This algorithm conputes the slope by
fitting a plane to the 3 by 3 cell nei ghborhood surrounding
the cell of interest (ESRI, 2003a) and is presented in

Equation 5. 1.

Equation 5.1 (From ESRI, 2003a)

rise_run = SQRT(SQR(dz/dx)+SQR(dz/dy))
degree_slope = ATAN(rise_run) * 57.29578

where for the given cell |ocations:
a c
die|f
g|hji
dz/ dx ((a+2d+g) - (c+2f+i)) / (8*x_cell _size)

dz/ dy ((a+2b+c) - (g+2h+i)) / (8*y_cell _size)
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5.5.4. Watershed Di scretization

Three wat ersheds in the Wal nut Gul ch Experi nental
Wat ershed were used in this analysis, the entire Wl nut
@l ch boundary (WG 1), Watershed 6 (W5 6), and Watershed 11
(WG 11). Each of these three watersheds was discretized
using three different Contributing Source Area (CSA)
val ues, 0.5, 8, and 15 percent of the watershed area.
These val ues were sel ected usi ng net hodol ogy presented by
Mont gonmery and Fouf oul a- Georgi ou (1993) where Syed (1999)
plotted the | ocal slope versus area for all pixels in the
wat ershed. However, Syed (1999) noted that “at best, these
nmet hods can be used to infer an upper limt on the CSA
val ues” and that “there is as yet no conclusive nethod for

the determ nation of the contributing source area”

The hydrol ogi c paraneter values estimated fromthe six
digital elevation nodels for the three | argest watersheds,
W51, W56, and W& 11 are presented in Tables 5.3, 5.4, and
5.5, respectively. The largest variability in derived
paraneter values fromthe DEMs is in the nost conplex

wat er shed configuration (0.5% CSA). For the | argest
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wat ershed (WG 1) with the nost conplex configuration, the
nunber of channel s and pl anes representing the watershed
ranged froma mninumof 96 planes and 224 channels to 107
pl anes and 259 planes. However, for the |argest watershed
wth the | east conplex configuration, the nunber of
channel s and pl anes representing the watershed were the
sane regardl ess of the DEM For the small est watershed
(W5 11), the nost conplex configuration had a range in the
nunber of channels and planes to represent the watershed of
85 to 97 channels and 192 to 237 planes. Due to the snal
size of the elenents of the nost conplex configuration in
relation to the large cell size of the Shuttle Radar data,
t he nost conpl ex configuration could not be conpleted for
WG 11. For the |east conplex configuration, the nunber of
channel s and planes were identical for all digital

el evati on nodel s.

For a given watershed area and contri buting source
area val ue, the hydrol ogi c nodel paraneters vary
significantly between digital elevation nodels. The
greatest difference between the nean channel |ength was 689

nmeters fromwatershed 6 (W5 6) for the mddle configuration
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conplexity (8% . Watershed 6 (WG 6) discretized at the

| onest conplexity has the greatest difference between the
mean channel slope and nean plane area with differences of
10.51% and 314.4 hectares, respectively. The greatest
difference in nean plane slope was 9.07% for the Watershed

11, 8% contributing source area val ue.
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Table 5.4 Discretization data for Wal nut Gulch (Flune 1)
at different contribution source areas.

§ CSA = 0.5% (74 ha)

Nunber Mean Mean Nunber
DEM of Channel Channel of
Channel s Length (m Sl ope (9 Pl anes

Mean
Pl ane Mean Pl ane
Area Sl ope (9

(ha)
IFSAR 2.5 m 103 1556. 9 9.87 258 56. 8 12. 36
| FSAR 10 m 101 1564. 0 6. 69 256 57.2 9.97
USGS 10 m 101 1526. 0 4.50 259 56.5 8.99
USGS 30 m 107 1391.9 4. 39 259 56.5 8.30
WG DEM 10 m 103 1494. 7 6. 26 257 57.1 9. 84
SRTM 90 m 96 1438. 7 2.83 224 63.1 5.37
§ CSA = 8% (1184 ha)
Nunber Mean Mean Nunber Mean
DEM of Channel Channel of Pl ane Mean Pl ane

0,
Channel s Length (m) Slope (%  Planes Area Sl ope (9

(ha)
IFSAR 2.5 m 9 3921.6 10.12 23 636. 6 12. 11
| FSAR 10 m 9 3835.9 7.18 23 636. 1 10.01
USGS 10 m 9 3845. 9 4.29 23 636. 5 9. 36
USGS 30 m 9 3749. 6 3.68 23 636. 2 8. 27
WG DEM 10 m 9 3927.2 6. 29 23 637.7 9. 65
SRTM 90 m 9 3335.7 2.45 23 615. 3 5.27
8§ CSA = 15% (2220 ha)

Mean

Nunber Mean Mean Nunber
DEM of Channel Channel of Pl ane Mean Pl ane

0,
Channels Length (nm) Slope (%  Planes Area Sl ope (%

(ha)
FSAR 2.5 m 3 6365. 9 11. 69 8 1830. 3 13. 67
| FSAR 10 m 3 6207. 1 8.35 8 1828. 8 11. 40
USGS 10 m 3 6357.9 5.71 8 1830.0 10. 44
USGS 30 m 3 6248. 7 3. 64 8 1828. 9 9.24
WG DEM 10 m 3 6412. 6 7.11 8 1833. 3 10. 43
SRTM 90 m 3 5937. 7 2.85 8 1769.0 5.74
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Table 5.5 Discretization data for Watershed 6 (Gage 6) at
different contribution source areas.

§ CSA = 0.5% (16.8 ha)

Nunber Mean Mean Nunber
DEM of Channel Channel of
Channel s Length (m Sl ope (9 Pl anes

Mean
Pl ane Mean Pl ane
Area Sl ope (9

(ha)
IFSAR 2.5 m 96 1309. 6 10. 67 243 37.9 11. 71
| FSAR 10 m 90 1368. 9 7.22 234 39.3 9.85
USGS 10 m 90 1314. 3 4. 44 230 40. 2 8.72
USGS 30 m 91 1274.1 4. 12 222 41.7 8.44
WG DEM 10 m 101 1189. 2 6.44 251 36.9 9.67
SRTM 90 m 96 1119.7 2.88 203 44.0 5.43
§ CSA = 8% (748.2 ha)
Nunber Mean Mean Nunber Mean
DEM of Channel Channel of Pl ane Mean Pl ane

0,
Channel s Length (m) Slope (%  Planes Area Sl ope (9

(ha)

IFSAR 2.5 m 10 3597.1 10. 04 24 384. 2 12. 27
| FSAR 10 m 9 3888. 7 8. 25 24 383.3 11. 43
USGS 10 m 9 4008. 6 4,82 25 369.5 9.53
USGS 30 m 9 3815. 7 4. 47 23 402. 8 8.81

WG DEM 10 m 9 4005. 5 7.34 22 420.9 10. 93
SRTM 90 m 9 3319.7 2.89 23 389.1 5.54

§ CSA = 15% (1403.0 ha)

Mean
Nunber Mean Mean Nunber
DEM of Channel Channel of Pl ane Mean Pl ane

0,
Channels Length (n) Slope (%  Planes Area Sl ope (%

(ha)

FSAR 2.5 m 8 1959.7 12.94 20 9219. 6 11.05
| FSAR 10 m 7 2254. 7 8. 15 19 9199. 6 10. 43
USGS 10 m 7 2202.1 4.65 18 9237.0 9.50
USGS 30 m 7 2097.8 4.59 18 9264. 1 8. 56

WG DEM 10 m 7 2267.5 7.42 18 9260. 6 10. 39
SRTM 90 m 5 2590. 6 2.43 13 8949. 7 5.55
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Table 5.6 Discretization data for Watershed 11 (Gage 11)
at different contribution source areas.

§ CSA = 0.5% (3.9 ha)

Nunber Mean Mean Nunber
DEM of Channel Channel of
Channel s Length (m Sl ope (9 Pl anes

Mean
Pl ane Mean Pl ane
Area Sl ope (9

(ha)
IFSAR 2.5 m 97 282.0 9. 69 237 3.3 12. 86
| FSAR 10 m 87 311.0 7.31 209 3.7 10. 80
USGS 10 m 95 271. 7 5.36 229 3.4 8.63
USGS 30 m 88 284. 4 5.98 192 4.1 8.30
WG DEM 10 m 85 300.1 6. 00 204 3.9 9.34
SRTM 90 m -- -- -- -- -- --
§ CSA = 8% (62.8 ha)
Nunber Mean Mean Nunber Mean
DEM of Channel Channel of Pl ane Mean Pl ane

0,
Channel s Length (m) Slope (%  Planes Area Sl ope (9

(ha)

IFSAR 2.5 m 5 2039. 33 9.84 13 59.5 14. 32
| FSAR 10 m 5 2041. 41 6. 57 13 59. 8 11.81
USGS 10 m 5 1973. 46 4. 11 13 59.8 9.18
USGS 30 m 5 1910.8 4.15 13 60. 3 8.52

WG DEM 10 m 5 1964. 99 5.51 13 60. 4 10. 56
SRTM 90 m 5 1769. 82 3.85 13 58.3 5.25

8 CSA = 15%(117. 8 ha)

Mean
Nunber Mean Mean Nunber
DEM of Channel Channel of Pl ane Mean Pl ane

0,
Channels Length (n) Slope (%  Planes Area Sl ope (%

(ha)

FSAR 2.5 m 5 1532. 56 10. 09 13 59.5 14. 02
| FSAR 10 m 5 1542. 18 6. 57 13 59.8 11. 43
USGS 10 m 5 1489. 97 4. 06 13 59. 8 8.98
USGS 30 m 5 1458. 00 4. 06 13 60. 2 8.30

WG DEM 10 m 5 1478. 64 5. 46 13 60. 5 10. 20
SRTM 90 m 5 1287. 54 3.35 13 58.4 5.21
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5.6. Hydrol ogi c Model Sinulations

To evaluate the effects of the different DEM derived
hydr ol ogi ¢ paraneters on simulated runoff, simnulations were
performed for W11 using eleven different rainfall-runoff
events, and results were conpared with observed data. The
di scretizations used in the previous sections were nodified
to capture the unique hydrologic characteristics of W& 11.
The wat ershed contains a pond that retains runoff during
rainfall -runoff events. Therefore, this pond contributing
area was renoved fromthe total watershed area because this
area is assuned to not contribute runoff to the watershed
outlet for the events sinulated. |In addition, the 0.5
percent contributing source area value was replaced with
1.5 percent because of the difficulties in the watershed

delineation routines using a small CSA val ue.

Si mul ations were perfornmed using the Kinematic Runoff
and Erosion nodel, version 2 (KINEROCS2: Smth et al.
1995). KINEROS2 is an event-oriented, physically based
nodel devel oped for sinulating runoff in watersheds where

Hortoni an overl and fl ow predom nates. The nodel contains
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mat hematical relationships estimating the processes of
interception, infiltration, surface runoff, and erosion for
smal | wat ersheds. KINEROS2 represents the watershed as a
cascade of planes and channels where partial differential
equations for overland and channel flow, erosion and

sedi nent transport are solved utilizing finite difference
techni ques. See Appendix C for additional information on

Kl NEROS2.

Model paraneters were derived using the Spati al
Deci si on Support System wat ershed del i neati on and
paraneterization routines. Paranmeters were estimted using
readily avail able | and cover and soils G S datasets and are
presented in Appendix G Land cover paraneters were
derived from North Anerican Landscape Characteri zation
(NALC) data and soils paraneters were derived from NRCS

State Soil Geographic (STATSGO dat a.

The North Anerican Landscape Characterization (NALC)
i magery from 1986 was used because of the tenpora
distribution of the rainfall events. NALCis |land cover

data derived from Landsat-MsSS satellite scenes and
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classified into 10 cl asses specifically for the Upper San
Pedro Watershed (Maingi et al., 1999) and is currently
avai l able for 1973, 1986, 1992, and 1997. The | and cover
cl asses were used to determ ne interception, roughness,
infiltration, and erosion paraneters for KINERCS2. W5 11
contains three |land cover classes in the 1986 NALC i nmagery,
mesqui t e woodl ands, grassl ands, and dessert scrub which
consist of 5, 42, and 53 percent of the watershed,

respectively.

The STATSGO soils data are created using a conpilation
of nore detailed Soil Survey Geographic (SSURGD data or
from geol ogy, topography, vegetation, and clinmate al ong
wi th Land Renote Sensing (LANDSAT) inmages when SSURGO dat a
are unavail able (USDA, 1994). The soils database contains
general i zed mappi ng units where percentages of nore
detail ed classes consisting of soil |ayers and the depth
and soil texture for each layer. These soil texture
cl asses were used to derive the KINEROS2 paraneters based
on Table 1 of the KINEROCS manual (Wbol hiser et al., 1990)
and the paraneters were both depth wei ghted using the soi

characteristics of the top 9 inches of the soil and area
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wei ght ed using the percentage of each soil sub-class within
the generalized class. For this application, due to the
relatively small size of W5 11 conpared to the size of the
generalized soil units, the watershed is contained in one
mappi ng unit. The soil for the watershed is described as
60% gravel ly | oam 25% gravel -fine sandy | oam and 15%fine
sandy |l oam The channel elenents were assuned sand which
allowed for the sinulation of transm ssion | osses along the

channel reach

The rainfall events used in the simulations provide a
range of sizes (Table 5.7). The largest rainfall event
simul ated occurred on August 17, 1986 where approxi mately
41 mllinmeters of rain fell over 12 hours, and the snall est
event sinulated occurred on August 10, 1986 where 7.1
mllimeters fell over 4.5 hours. Al rainfall and runoff
event val ues were eval uated and docunented in Goodrich et

al . (1997).



Table 5.7 Rainfall

events used in sinulations

Rai nfall Event Date Apf;?ﬁ;g?fe(xlel Event(;ﬂ%at|on

25 August 1984 17.9 180
17 July 1985 32.9 360
24 June 1986 18.1 270
15 July 1986 27.9 420
9 August 1986 33.1 270
10 August 1986 7.1 270
14 August 1986 25.3 330
17 August 1986 41.3 720
29 August 1986 32.3 380
3 August 1988 10. 6 300
20 August 1988 12. 3 360
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Sinul ati on out put was conpared to observed data for
the eleven rainfall-runoff events (See Appendix H for al
output). The percent error or departure from observed

val ues was cal cul ated for peak runoff and total runoff

vol une for each event. The average absol ute percent error
was averaged for each DEM CSA conbi nation and is presented
in tables 5.8 and 5.9. The nunber of sinulations that were
greater than or |ess than the observed values is also
presented in tables 5.8 and 5.9. The percent error is

cal cul ated as:

[ = (predicted — observed)
observed

100
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where predicted is the KINEROS2 simul ated runoff vol ume or
peak flow val ue, and observed is the measured runoff vol une
or peak flow value. Negative percent difference val ues

i ndicate the percentage the sinmulated value is |less than

t he observed val ue while positive percent difference val ues
i ndicate the percentage the sinulated value is greater than
t he observed value. Percent difference val ues of zero

i ndi cated the predicted runoff or peak flow value is equal

to the observed val ue.
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Tabl e 5.8 Runoff Vol une

Aver age Nunber sinmul ations
DEM CSA (9% Absol ut e greater/less than
Percent Error observed
SAR 2. 5M 1.5 119.2 6/5
SAR 2.5M 8.0 90.0 3/8
SAR 2.5M 15.0 85.9 3/8
SAR 10M 1.5 108. 6 417
SAR 10M 8.0 85.8 3/8
SAR 10M 15.0 81.0 2/ 9
USGS 10M 1.5 104. 4 417
USGS 10M 8.0 80.9 2/ 9
USGS 10M 15.0 79. 4 2/ 9
USGS 30M 1.5 106. 9 3/8
USGS 30M 8.0 80.4 2/ 9
USGS 30M 15.0 78.5 2/ 9
WG 10M 1.5 106. 6 417
WG 10M 8.0 84.3 3/8
WG 10M 15.0 81.0 2/ 9
SRTM 90M 8.0 77.9 2/ 9
SRTM 90M 15.0 4.7 2/ 9
Tabl e 5.9 Peak Runoff
Aver age Nunber sinul ati ons
DEM CSA (% Absol ut e greater/less than
Percent Error observed
SAR 2. 5M 1.5 81.0 5/ 6
SAR 2. 5M 8.0 63.6 3/8
SAR 2. 5M 15.0 64.1 2/ 9
SAR 10M 1.5 96. 4 4/ 7
SAR 10M 8.0 66. 2 3/8
SAR 10M 15.0 62.6 1/ 10
USGS 10M 1.5 78.9 3/8
USGS 10M 8.0 67.1 1/ 10
USGS 10M 15.0 70.5 0/ 11
USGS 30M 1.5 82.6 5/ 6
USGS 30M 8.0 67.6 1/ 10
USGS 30M 15.0 72.3 0/ 11
WG 10M 1.5 80.0 a4/ 7
WG 10M 8.0 63. 4 2/9
WG 10M 15.0 65. 8 1/ 10
SRTM 90M 8.0 69.9 1/ 10
SRTM 90M 15.0 76.0 0/11
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In general, using the uncalibrated nodel paraneter
val ues from| ook-up tables did not produce sinulated runoff
vol umes or peak flow values that were close to observed
val ues. Conparing the runoff volune val ues, the average
absol ute percent error ranged froma | ow of 74 percent for
the SRTM 90 neter DEM — 15 percent CSA sinulation to 119
percent for the SAR 2.5 nmeter DEM - 1.5 percent CSA
simulation. Sinulated runoff volunes under predicted the
observed runoff volune for al nost 75 percent of the

simul ati ons (138 of 187 sinmnulations).

The predictions were slightly better for the peak
runof f val ues; however, predictions were still poor. The
aver age absolute percent error for peak runoff predictions
ranged froma |low of 62.9 percent for the SAR 10 neter 15
percent CSA value sinulation to 96.4 percent for the for
the SAR 10 nmeter 1.5 percent CSA value. Sinul ated peak
runof f al so under predicted observed peak runoff for al nost

81 percent of the sinulations (151 of 187 sinulations).

Scatter plots of sinulated versus observed runoff

vol unmes and peak runoff values for the different digital
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el evati on nodel s and contributing source area val ues are
presented in Figures 5.11 and 5.12. For the majority of
events, the runoff volunes and peak flow val ues increased
Wi th decreasing CSA values. This is counter intuitive to
the changes in average slope values presented in Table 5.6
where slopes slightly increased with increasing CSA val ues.
However, the total channel |engths increase drastically

W th decreasing CSA values indicating that the channel
processes dom nate, produce |ower upland | osses from
interception and infiltration, and hi gher subsequent runoff

vol unes and peak fl ows.

For the largest runoff event, all DEMs with the 1.5
percent CSA perforned sinulations that were the closest to
observed values. The SAR 2.5 neter DEM SAR 10 neter, and
USGS 30 neter DEM predicted runoff volunes the closest with
percent error value of 0.1, -8.9, and -10.2, respectively.
The USGS 30 neter DEM the SAR 10 neter DEM and the W&l nut
@Qul ch 10 neter DEM predicted peak runoff val ues the cl osest
with percent error values of 0.9, -1.2, and -2.5,

respectively.
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5.7. Summary and Concl usi on

After exam ning the range in nodel paraneter val ues
derived fromdigital elevation nodels, the selection of DEM
to include in the nodel paraneterization process wll
definitely affect the sinmulation nodeling results. G ven
the selection of available DEMs to perform nodeling tasks,
which DEMw || produce the best results? Conparisons
conducted with the survey data indicate the IFSAR 2.5 neter
data are the nost accurate. However, the nodeling results
for Watershed 11 did not coincide with the error anal ysis;
the 1FSAR 2.5 neter DEM did not produce simulation results
that were nore accurate that the other DEMs. For the
el even rainfall-runoff event, all DEM CSA conbi nati ons
produced poor results. Based on the |arge differences
bet ween sinmul ated and observed val ues, soil and | and cover
derived paraneters should be reexam ned prior to making
concl usive statenents about the “best” the digital
el evati on nodel — contributing source area values for W&

11.
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CHAPTER 6
EVALUATI ON OF THE SENSI TI VI TY OF MANAGEMENT

SYSTEM RANKI NGS BY THE SDSS

6.1. Introduction

After exam ning the changes in hydrol ogi c nodeling
paraneter val ues derived fromthe six digital elevation
nmodel s, Chapter 6 evaluates the sensitivity of the
managenent systens rankings by the spatial decision support
system based on the different digital elevation nodels,
contributing source areas, and precipitation event sizes.
As illustrated in Chapter 5, different DEMs and CSA val ues
produce different topographic paraneter val ues and
therefore hydrologic sinulation results using different
DEMs are expected to be unique. However, the purpose of
this analysis is to evaluate the effect of differences in
DEMs, CSA val ues, and precipitation event sizes on
managenent system ranki ngs by the decision support system

Specifically, do the ordinal rankings of managenent system
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alternatives change as a function of the digital elevation
nmodel , contributing source area value, and precipitation

event size used in the sinmulation?

6. 2. Met hods

The sinmul ations and analysis for this study are
performed on Watershed 11 in the Wal nut Gul ch Experi nental
Wat ershed (Figure 5.1). This watershed was sel ected
because of its relatively small size and subsequent
sensitivity to changes in managenent. During the w nter of
2003, fence locations were recorded wi th hand-hel d gl obal
positioning systemunits and pasture boundari es were mapped

providing estimtes of the |ocation and size of pastures.

Si x managenent systens were created to evaluate the
sensitivity of the digital elevation nodels, contributing
source area, and precipitation event size on spati al
deci si on support systemrankings (Figure 6.1). The
managenent systens contain pasture boundaries derived from
field surveys with water sources noved to different
| ocations within each pasture to control the distribution

of livestock. Managenments System 1 has water |ocations



clustered in the southeast portion of the watershed.
Managenent System 2 has water sources for each pasture

| ocat ed outside the watershed boundary, but the |ivestock
distribution will still affect nodeling results.
Managenment System 3 uses real world pond | ocations as
natural water sources. Pond |ocations were obtained from
spatial data devel oped by the USDA Agricul tural Research
Servi ce, Southwest Watershed Research Center. The fourth
fifth, and sixth nanagenent systens vary the water source
| ocations to different places within the three pastures.
Managenent System 4 has two water points | ocated outside

t he wat ershed boundary, while Managenent System 5 has one
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wat er point | ocated outside of the watershed boundary. For

the pasture that covers the majority of Watershed 11
Managenent System 6 has the water point the furthest away

from the wat ershed boundary.

The nodel i ng procedure was conprised of multiple steps

and is depicted graphically in Figures 6.2 and 6.3. The

first step was to subdivide the 785-hectare watershed

boundary into watershed el enments. Contributing source area

val ues of 1.5 percent (11.8 ha), 8 percent (62.8 ha), and

15 percent (117.8 ha) of the watershed area were sel ected
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so that results fromthis analysis could be eval uated
within the context of results presented in Chapter 5.
Because errors were produced during watershed delineations
for the SRTM 90 neter data using the 0.5 percent CSA val ue,
the smal | est CSA value was increased to 1.5 percent for the
sinmul ations. However, this increase in CSA did not yield
successful delineations and therefore, sinulations were not
performed for the 1.5 percent CSA value - SRTM 90 neter DEM
conbi nations. These ranges in CSA values allow the

sensitivity of CSA on sedinent yield to be eval uated.

For each managenent system and each subdi vi sion from
the different digital elevation nodels, paraneters affected
by livestock inpact were nodified usi ng RANGEMAP (CGuertin
et al., 1998) routines incorporated in the spatial decision
support system (See Section 4.3.2 above). These nodified
paraneters were simnmulated using KINEROS with six different
precipitation events: a 5 year - 30 mnute event, a 5 year
- 60 mnute event, a 10 year - 30 mnute event, a 10 year -
60 m nute event, a 100 year - 30 mnute event, and a 100
year - 60 mnute event (Figure 6.4). Wile it is
recogni zed that rainfall events in the sem -arid sout hwest

exhibit a high degree of spatial variability (Gsborn et
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al ., 1993), for this analysis, rainfall was assuned
spatially uniform This assunption prevents conplicating
interactions between livestock distribution and rainfall

di stribution during sinmulations. For exanple, nmanagenent
systens with a high concentration of l|ivestock inpacts in
an area that receives a nore intense rainfall would produce
hi gher rates of erosion conpared to a different nmanagenent
systemthat has an equally high concentration of |ivestock

inpact in an area that receives a less intense rainfall.

The different conbinations of 6 DEMs, 3 CSA val ues, 6
managenent systens, and 6 precipitation event sizes yield
648 sinmul ations. However, as stated above, the watershed
delineations with the smallest CSA value (1.5 percent)
produced errors using the Shuttle Radar Topography M ssion
90 neter data. These errors result fromthe |arge cel
size relative to the small contributing source area. This
rel ationship results in poorly defined water flow paths
whi ch produce errors in the watershed delineation process.
As a result, the conbinations of DEMs, CSA val ue,
managenent systens, and precipitation events yielded 612

simulations that will be used in this analysis.
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Figure 6.1 Managenent Systens used to eval uate the inpact
of digital elevation nodel uncertainty on the spatial
deci si on support systemranking of alternatives.
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6. 3. Results

The grazing intensities for the six managenent systens
are depicted in Figure 6.5. These figures illustrate the
grazing intensity and subsequent inpact on soil hydraulic
properties of the distribution of livestock within a
pasture. Gazing intensities are a function of the
| ocation of a water point in a pasture because only the
| ocati on and nunber of water points changed between the

management systens.

| ndi vi dual sinmulation results are organi zed to view
sedi nent yield val ues and managenent system rankings for
the different DEMs while varying the contributing source
area values (1.5 percent, 8.0 percent, and 15 percent) and
rainfall event sizes (5-year 30-m nute, 5-year 60-m nute,
10-year 30-m nute, 10-year 60-m nute, 100-year 30-m nute,
and 100-year 60-m nute). Managenent systens are ranked
based on the sedinent yield produced for the sinulations.
An objective in designing rangel and nanagenent systens is
to reduce sedinent yield. As a result, the “best”
managenent systemis the systemthat has the | owest

sedi ment yield predicted by KINERCS, and the “worst”
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Figure 6.5 Gazing intensity for Managenent Systens
(Darker areas indicate higher grazing intensity)

Figure 6.5(a). Guazing intensity for Managenent System 1

Figure 6.5(b). Guazing intensity for Managenent System 2
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Figure 6.5(c). Gazing intensity for Managenent System 3

Figure 6.5(d). Gazing intensity for Managenent System 4
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Figure 6.5(e). Gazing intensity for Managenent System 5

Figure 6.5(f). Guazing intensity for Managenent System 6
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managenent systemis the systemthat has the highest
sedinent yield predicted by KINERCS. Sinulations for the
Six precipitation events using a 1.5, 8.0, and 15 percent
contributing source area values are presented in Appendi X
|, Tables 1.1 — 1.6, Tables |.7 — 1.12, and Table I. 13-

| .18, respectively.

Si mul ati ons using the FSAR 2.5 neter DEM produced
hi gher sedi nent yield val ues conpared to sedinent yield
results fromsimulations using the five other DEMs. Using
the 8 percent CSA, 5-year, 30-minute precipitation event
wi th Managenent System 6 as an exanple (Table F.7),
sinmulations using the I FSAR 2.5 neter DEM produces sedi nent
yield values that were over 3 tines higher than sedi nent
yield values fromsinmulations using the | FSAR 10 neter DEM
6.8 tinmes higher than sedinment yield values from
simulations using the Wal nut Gulch 10 neter DEM 14.4 tines
hi gher than sedinent yield values from sinmulations using
the USGS 30 neter DEM 19 tines higher than sedinent yield
val ues from sinul ati ons using the USGS 10 neter DEM and
28.5 tines higher than sedinent yield val ues from
simul ations using the SRTM 90 neter DEM This relative

pattern was expected based on the sl ope val ues determ ned
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in the analysis perfornmed in Chapter 5. Also expected was
that sinmul ations based on the Shuttle Radar Topography

M ssion 90 neter data produced the | owest sedinent yield
val ues, coinciding with the | ower slope values determ ned

fromthe anal ysis conducted in Chapter 5.

The relative differences anong sedi nent yield val ues
are greater for smaller precipitation event sizes conpared
to larger precipitation event sizes. Conparing sinulation
results fromsmallest and | argest precipitation events (5
year, 30 mnute sinmulation and the 100 year, 60 minute
si mul ation) using Managenent System 1l with an 8 percent
contributing source area as an exanple, sedinent yield was
3.1 tinmes higher and 7.4 tinmes higher for sinulations with
the |FSAR 2.5 neter DEM than the | FSAR 10 nmeter DEM
respectively. A simlar pattern was exhibited by
simulations with the 15 percent contributing source area
for Managenent System 1; sedinent yield was 1.5 tines
hi gher for sinmulations using | FSAR 2.5 neter DEM than for
simulations using | FSAR 10 neter DEM for the 5 year, 30
m nute precipitation event, and 4.4 tinmes greater for the

100 year, 60 minute precipitation event.



193

Excl udi ng sedinent yield results from sinul ations
using the Shuttle Radar Topography M ssion 90 neter DEM as
the contributing source area increases the sedinent yield
decreases. For a given DEM managenment system and
rainfall event size, the smallest CSA (1.5 percent)
produced the hi ghest sedinent yield of the three CSA val ues
for all but seven sinulations, and never had the | owest
sedinment yield estimate of the three CSA values. The
| argest CSA val ue (15 percent) produced the | owest sedi nent
yield in 105 of the 180 simulations, and produced the
hi ghest of the three sedinent yield estimates in 5 of the
sinmulations. The mddle CSA value (8 percent) had the
m ddl e of the three sedinent yield estimtes during 103 of
the 180 sinulations and the | owest of the three sedinent

yield estimates for 75 of the sinulations.

A frequency anal ysis was perfornmed to exam ne the
managenent systemrankings. Sinulation results were
grouped based on the nodeling variable of interest (i.e.
DEM CSA, or precipitation event size). For each grouping,
t he nunber of occurrences each managenent system was ranked
first through six was calculated and plotted (Tables 6.1

t hrough 6.13). This analysis provides insight into the
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changes in distribution of the managenment system ranki ngs
based on different DEMs, contributing source area val ues,
and precipitation events sizes. Mnagenent systens were
ranked based on m nim zing erosion; the highest ranked or
“best” managenent system produced the | owest sedi nent
yield. Conversely, the | owest ranked or “worst” managenent

system produced t he hi ghest sedi nent yield.

The managenent systemrankings for all sinulations are
illustrated in Table 6.1. Managenent System 6 was ranked
the best during half (50 percent) of the 612 simulations
conpared to Managenent System 1 and 2, which were ranked
the best during 14.7 percent of the sinulations.

Managenent Systens 4 and 3 were ranked best the fewest
during 4.9 and 2.0 percent of the sinulations,
respectively. Exam ning the nanagenent systens that were
ranked the | owest, Managenent System 3, Managenent System
4, and Managenent System 5 were ranked sixth for 35. 3,
21.6, and 17.6 percent of the sinulations, respectively.
Managenent System 2 ranked the |l owest the | east frequently
(7.8 percent of the sinulations) while Managenent Systens
1, and 6 ranked the | owest for 8.8 percent of the

si nul ati ons.
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The frequency of managenent system rankings from
simulations using a 1.5 percent, 8.0 percent, and 15
percent contributing source area value are in Tables 6. 2,
6.3, 6.4. For simulations with the smallest contributing
source area (1.5 percent), Managenent System 6 was ranked
the best in 60 percent of the sinulations while Managenent
System 3 was never ranked the best (0 percent). The
frequency of managenent systens ranked 2 through 6 is not
as consistent conpared to ranking 1. For exanple,
Managenent System 3 was ranked third for 23 percent of the
si mul ati ons while Managenent Systens 1, 2, and 4 were

ranked third for 20 percent of the sinulations.

Unli ke the rankings of the 1.5 percent contributing
source area simnulations, the 8 percent and 15 percent
managenent systens rankings illustrate a predom nant
managenent system for a given rank. Examning results for
simul ations using the 8 percent CSA, Minagenent System 6
was ranked first for 47.2 percent of the simnulations
conpared to 16.7 percent for the next highest nanagenent
system Managenent System 2 ranked second for 41.7 percent
of the simulations conpared to 16.7 percent for the next

hi ghest managenent system Managenent System 1 ranked third
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for 41.7 percent of the sinulations conpared to 13.9
percent for the next highest sinulation. On the other end
of the rankings, Managenent System 3 ranked | ast during
41.7 percent of the sinulations conpared to the next

hi ghest | ast place ranking of 19.4 percent (Managenent

System 4).

Results fromthe 15 percent CSA were simlar to the 8
percent CSA in that for nost ranks, there was a di screpancy
bet ween the nost frequently ranked managenent system and
t he ot her managenent systens. Ranking 1 had Managenent
System 6 as the | owest sedinent yield produci ng managenent
systemduring 44.4 percent of the sinulations conpared to
the second nost frequent at 22.2 percent of the
sinmulations. At the other end of the rankings, Managenent
System 3 was ranked | ast during 41.7 percent of the
simul ati ons conpared to Managenent System 4 which was
ranked | ast the second nost frequent, during 16.7 percent

of the sinul ati ons.

The IFSAR 2.5 neter digital elevation nodel produced
ranki ng frequencies with |arge differences for each rank

bet ween the nost frequently ranked managenent system and



197

t he second nost frequently ranked nmanagenent system
Managenent System 6 was ranked first during 55.6 percent of
the sinmulations conpared to the next highest managenent
system Managenent System 5, which was ranked first during
16. 7 percent of the simulations. The closest ranking
frequency was for managenent systens ranked third where
Managenent System 1 was ranked third during 38.9 percent of
the sinul ati ons conpared to Managenent System 3 whi ch was

ranked third during 27.8 percent of the sinulations.

The other five digital elevation nodels had smaller
di fferences in frequencies conpared to the I FSAR 2.5 neter
data. Managenent System 6 was ranked first during 61.1
percent of the sinulations using the USGS 30 neter DEM
whi | e Managenent System 1 was ranked first during 22.2
percent of the sinulations. However, for the sane DEM
Managenent Systens 3 and 4 both ranked fourth during 27.8
percent of the sinulations, and Managenent System 3 and 5
were the nost frequent fifth ranked managenent system

during 27.9 percent of the sinulations.

Managenment system rankings for sinulations using the

Wal nut Gulch 10 neter DEM were rel atively inconsistent.
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For each rank, differences between the nost frequent and
second nost frequent managenent system were 22.2, 5.6,

11.1, 22.2, 11.1, and O respectively. For exanple, for the
si xth ranked position, the two nost frequent nmanagenent
systens, Managenent System 4 and 5, occurred during the

sane percentage of sinulations, 33.3 percent.

The SRTM 90 neter DEM which is the nost avail able and
has the largest cell size, produced the | east consistent
ranki ngs of the DEMs used in this analysis. Four of the
si x rankings, Rankings 1, 2, 3, and 5, had the sane
percentage for the two nost frequent managenent systens,
33.3 percent. The difference between the two nost frequent
rankings for the sixth (and | ast) place ranking was 8.3
percentage points while the difference between the top two
fourth ranked managenent systens was 16.7 percent. It
shoul d be pointed out that the nunber of simulations using
the SRTM 90 neter data was the | owest conpared to the other

DEMs.

Smal | er precipitation event sizes produce greater
di fferences between managenment system rankings than |arger

precipitation event sizes. Sinulations using the tw five-
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year precipitation events (Table 6.11) produced a
managenent systemw th at |least 17.7 percent difference

bet ween the nost frequent and second nost frequent
managenent system w th the exception of the fifth ranked
position (2.9 percent difference). The greatest difference
bet ween the nost frequent and second nost frequent
managenent systemwas for rank 1 which had a difference of
73.5 percent. The 10-year and 100-year precipitation event
sizes had smaller differences between managenent system
ranki ng frequencies (Tables 6.12 and 6.13). For the “best”
managenent system using both the 10-year and 100-year
precipitation events, the difference between the nost
frequent and second nobst frequent managenent systemwas 3.0
percent. The average difference between the nost frequent
and second nost frequent nmanagenment system for each rank
was 3.4 and 6.9 percent for sinulations using the 10-year

and 100-year precipitation events, respectively.
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6.1 Frequency of managenent system rankings for all
simulations with 3 CSA values (1.5, 8, and 15%,

Managenent System 1
Managenent System 2

10-yr 30-m n,
mn) in tabular and graphical
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6 DEMs
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@ |Ranki ng 2

31.4

12. 7

15.7

® Ranki ng 6
(o]

14.7\30.

16. 7

16. 7

13.7

N
©

Managenment System 3| 2.0
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Table 6.2 Frequency of managenent system rankings for
simulations with 1.5% CSA using 6 DEMs (I FSAR 2.5M | FSAR
10M USGS 10M USGS 30M and Ws 10M and 6 rainfall event
sizes (5-yr 30-mn, 5-yr 60-mn, 10-yr 30-mn, 10-yr 60-
mn, 100-yr 30-mn, and 100-yr 60-mn) in tabular and
graphi cal format.

Ranki ng 2
Ranki ng 3
Ranki ng 4
Ranki ng 5
Ranki ng 6

© Sinul ati ons

2 IRanki ng 1
\I
w Total

Managenment System 1 26. 7|20. 0{16. 7|20. 0{10. 0
Managenment System 2|20. 0|13. 3|20. 0{10. 0|23. 3|13. 3
Managenment System 3| 0.0 |16. 7|23. 3|16. 7|23. 3|20. 0
Managenment System 4| 3.3 |6.7 |20. 0|23. 3|16. 7|30.0
Managenment System 5/10. 0|13. 3|10. 0|30. 0|13. 3|23. 3

Managenment System 6/60.0(23.3|6.7(3.3(3.3(3.3
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w
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w
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Table 6.3 Frequency of managenent system rankings for
simulations with 8% CSA using 6 DEMs (I FSAR 2.5M | FSAR
10M USGS 10M USGS 30M WG 10M and SRTM 90M and 6
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t abul ar and graphi cal
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Table 6.4 Frequency of managenent system rankings for
simulations with 15% CSA using 6 DEMs (I FSAR 2.5M | FSAR
10M USGS 10M USGS 30M WG 10M and SRTM 90M and 6
rainfall event sizes (5-yr 30-mn, 5-yr 60-mn, 10-yr 30-
mn, 10-yr 60-mn, 100-yr 30-mn, and 100-yr 60-min) in
t abul ar and graphical format.

[%2]
c
— N ™ < Te} O (@)
o o o o o o p
c c c c c c ©
= = = = = * ® E

c c c c c c +—
g & & & & & °Cw
Management System 1)22.2|13. 9(30. 6|11. 1|13.9|8.3| 36
Management System 2|8. 3 |33. 3|16. 7|22. 2|13.9|5.6| 36
Management System 3| 2.8 |16.7|5.6|8.3|25.0/41.7| 36
Management System 4|5.6 |13. 9|16. 7|38.9|8.3(16. 7| 36
Management System 5|16. 7|11. 1|5. 6 |19. 4|33. 3|13. 9| 36
Managenent System 6(44.4|11. 1{25.0{0.0|5.6(13.9| 36

Total Sinmulations 36 36 36 36 36 36

50.
45.
40.
35.
30.
25.
20.
15.
10.

Frequency (%

O O O O O O o o o o o

Ranki ng 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6

OManagenent System 1 mManagenent System 2 OManagenent System 3
OManagenent System 4 mManagenent System 5 OManagenent System 6




Table 6.5 Frequency of managenent system rankings for
simul ations with | FSAR 2. 5M DEM usi ng 3 CSA values (1.5, 8,

and 15% and 6 rainfal

event sizes (5-yr 30-min, 5-yr 60-
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mn, 10-yr 30-mn, 10-yr 60-mn, 100-yr 30-mn, and 100-yr
60-mn) in tabular and graphical format.
n
c
— (aV] ™ < Lo © o
o o o o o o -
c c c c c c ©
~ ~ ~ ~ ~ X ®© E
S 5 5 5 & 5 B
g & & & & & Pw
Managenment System 1{5.6 (11. 1|38.9(11. 1|16. 7{16. 7| 18
Managenment System 2[11.1(50.0|11.1(5.6(16.7/5.6| 18
Managenment System 3({0.0 (5.6 |27.8|5.6|11. 1/50. 0| 18
Managenment System 4{11.1(16.7|11.1(44.4|11.1/5.6| 18
Managenment System 5[16. 7(11. 1| 0.0 (16. 7|38. 9/16. 7| 18
Managenment System 6[55.6(5.6|11.1(16.7|5.6|5.6| 18
Total Sinulations 18 18 18 18 18 18
60.0
50. 0 - _
£ 0.0
>
2 30.0 |
()
>
(e
@ 20.0
(L
10. 0 |
0.0
Ranking 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6

OManagenent System 1 EManagenent System 2 OManagenent System 3
OManagenent System 4 EManagenent System 5 OManagenent System 6




Table 6.6 Frequency of managenent system rankings for
simul ations with | FSAR 10M DEM using 3 CSA values (1.5, 8,

and 15% and 6 rainfal

event sizes (5-yr 30-min, 5-yr 60-
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mn, 10-yr 30-mn, 10-yr 60-mn, 100-yr 30-mn, and 100-yr
60-mn) in tabular and graphical format.
n
c
— o~ ™ < Te} © )
o o o o o o =
c c c c c c (]
~ ~ = = = x © E
5 5 8 & § 5 8
o o Dr? Dr? o o (7]
Managenment System 1{22.2(5.6 |44.4(11. 1|11.1/5.6| 18
Managenment System 2[16. 7(16. 7|22. 2| 5. 6 |16. 7{22. 2| 18
Managenment System 3(0.0 (27.8|11.1|5.6|11. 1{44. 4] 18
Managenment System 4{0.0 (11. 1| 5. 6 (33. 3|27. 822. 2| 18
Managenment System 5[22.2(5.6|5.6 (44.4|22.2{0.0| 18
Managenment System 6(38.9(33. 3|11.1{0.0|11.1{5.6| 18
Total Sinulations 18 18 18 18 18 18
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S 35.0 .
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?',' 20.0
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| [1
Ranking 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6
OManagenent System 1 EManagenent System 2 OManagenent System 3
OManagenent System 4 mManagenent System 5 OManagenent System 6




Table 6.7 Frequency of managenent system rankings for
simul ations with USGS 10M DEM usi ng 3 CSA values (1.5, 8,

and 15% and 6 rainfal

event sizes (5-yr 30-min, 5-yr 60-
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mn, 10-yr 30-mn, 10-yr 60-mn, 100-yr 30-mn, and 100-yr
60-mn) in tabular and graphical format.
n
c
— (aV] ™ < Lo © o
o o o o o o -
c c c c c c ©
~ ~ ~ ~ ~ X ®© E
S 5 5 5 5 5 B
g & & & & & Pw
Managenment System 1{11.1(22.2|22.2(33.3|/5.6 (5.6 18
Managenment System 2[16. 7(33. 3|22. 2(11. 1|11.1{5.6| 18
Managenment System 3({0.0 (5.6 |16. 7{11. 1|27. 8{38. 9| 18
Managenment System 4{5.6 [16. 7|16. 7(27. 8| 5.6 [27. 8| 18
Managenment System 5[ 0.0 (16. 7|11. 1{16. 7|38. 9/16. 7| 18
Managenment System 6[66.7(5.6(11.1{0.0|11.1/5.6| 18
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OManagenent System 4 EManagenent System 5 OManagenent System 6
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Table 6.8 Frequency of managenent system rankings for
simul ations with USGS 30M DEM usi ng 3 CSA values (1.5, 8,
and 15%9 and 6 rainfall event sizes (5-yr 30-mn, 5-yr 60-
mn, 10-yr 30-mn, 10-yr 60-mn, 100-yr 30-mn, and 100-yr
60-mn) in tabular and graphical format.

— [qV] ™ < Lo (] g

o o o o o o =

c < c c c c ©

= = =~ =~ = * © é

5 5 8§ & 5 88

24 24 g g 24 X —0 wn
Managenent System 1(22.2\27.8[22.2|11.1|5.6 |11. 1| 18
Managenent System 2[16.7\22. 2|16. 7|11. 1|22. 2|{11. 1| 18
Management System 3|/0.0 /0.0 0.0 |27.8|27.8|44. 4| 18
Management System 4/0.0 |16. 7|33. 3|27. 8|11. 1|11. 1| 18
Management System 5| 0.0 |22. 2|16. 7|16. 7|27. 8|16. 7| 18
Management System 6/61.1|11.1|11.1|5.6|5.6|5.6| 18

Total Sinmulations 18 18 18 18 18 18

70.0
60. 0 m
§ 50. 0
3 40.0
c
$ 30.0 |
(o
® 20.0
LL
10.0 -
0.0 ‘
Ranking 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6
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Table 6.9 Frequency of managenent system rankings for
simul ations with Wal nut Gul ch 10M DEM usi ng 3 CSA val ues
(1.5, 8, and 15% and 6 rainfall event sizes (5-yr 30-mn,
5-yr 60-mn, 10-yr 30-mn, 10-yr 60-mn, 100-yr 30-mn, and
100-yr 60-mn) in tabular and graphical fornmat.

n
c
- o~ ™ < Te} © o
o o o o o o -
c c c c c c ©
= = ~ ~ ~ ¥ ®© E

c c c c c [
g & & & & & fPw
Management System 1|11.1|16.7|27.8|5.6(27.8|11.1]| 18
Management System 2|11.1|27.8|16.7|38.9/5.6|0.0| 18
Management System 3|11.1|16.7|5.6 |16.7|38.9|11. 1| 18
Management System 4|11.1|11.1|16. 7|16. 7|11. 1|33. 3| 18
Management System 5|16.7|5.6 |16. 7|11. 1|16. 7|33. 3| 18
Management System 6/38.9(22. 2|16. 7|11.1/0.0|11. 1| 18

Total Sinmulations 18 18 18 18 18 18
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Tabl e 6.10 Frequency of managenent system rankings for
simulations with Shuttle Radar Topography M ssion 90M DEM
using 3 CSA values (1.5, 8, and 15% and 6 rainfall event
sizes (5-yr 30-mn, 5-yr 60-mn, 10-yr 30-mn, 10-yr 60-
mn, 100-yr 30-mn, and 100-yr 60-mn) in tabular and
graphi cal format.
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c
— N (42] < Te} O o
o o o o o o P
c c c c c c ©
= = = X X ®© E

c c c c c c —
g & & & & & Pw
Managenment System 1|16. 7|16. 7|33.3|0.01(33.3|0.0| 12
Management System 2|16.7|33.3|8.3(33.3/8.3|0.0]| 12
Managenment System 3| 0.0 |33.3|8.3|8.3133.3|16.7| 12
Managenment System 4/0.0|0.0|8.3|50.0|8.3|33.3] 12
Management System 5/33.3|8.3|8.3|8.3116.7|25.0] 12
Management System 6/33.3|8.3(33.3/0.0(0.0125.0] 12

Total Simulations 12 12 12 12 12 12
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0 ERTR T

Ranki ng 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6

OManagenment System 1 mManagenent System 2 OManagenent System 3
OManagenment System 4 mManagenent System 5 OManagenent System 6
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Table 6.11 Frequency of managenent system rankings for
simulations with 5 year return period rainfall events using
3 CSA values (1.5, 8, and 15%, 6 DEMs (I FSAR 2.5M | FSAR
10M USGS 10M USGS 30M WG 10M and SRTM 90M and 2
rainfall durations (30-min and 60-min) in tabular and
graphi cal format.

7]
c
— N (42] < Te} O o
o o o o o o P
c c c c c c ©
= = = X X ®© E

c c c c c c —
g & & & & & Pw
Management System 1|11. 8|20.6|44. 1{14.7/5.9(2.9| 34
Management System 2| 0.0 |52.9|23.5(17.6/2.9(2.9| 34
Management System 3/2.9|0.0|5.9(5.9138.2{47.1| 34
Management System 4/0.0|2.9|17.6|44.1/17.6/17. 6| 34
Management System 5/0.0|8.8|8.81|17.6/35. 3]29. 4| 34
Management System 6/85.3|14.7/0.0(0.0/0.0(0.0| 34

Total Sinmulations 34 34 34 34 34 34
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80.

70.

60.

50.

. o

Ranki ng 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6
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20.

10.
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OManagenment System 1 mManagenent System 2 OManagenent System 3
OManagenment System 4 mManagenent System 5 OManagenent System 6




Table 6.12 Frequency of managenent system rankings for
simulations with 10 year return period rainfall events

using 3 CSA values (1.5, 8, and 15%,

6 DEMs (I FSAR 2.5M
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| FSAR 10M USGS 10M USGS 30M WG 10M and SRTM 90M and 2
all durations (30-min and 60-mn) i
graphi cal format.

r ai nf

n tabul ar and

(2]
c
— o~ ™ < Te} © o
o o o o o o P
c c c c c c ©
~ ~ ~ ~ ~ x ®© E
c c c c c c —
g & & & & & Pw
Managenment System 1|14. 7(17. 6|17. 6{11. 8{23. 5(14. 7| 34
Management System 2|29. 4|17.6|17.6|8.8|14. 7[11. 8| 34
Management System 3| 0.0 |8. 8 |14. 7|26. 5/23. 5{26. 5| 34
Management System 4|11. 8|26. 5|14. 7|14. 7|14. 7{17. 6| 34
Management System 5|11.8|8.8|17.6|32.4/20.6/8.8| 34
Management System 6|32. 4|20. 6(|17.6|5.9|2.9(20.6| 34
Total Simulations 34 34 34 34 34 34
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< 25.0
> 20.0 -
(8]
c
8 15.0] - -
o
()]
(L 10.0 { = =
5.0 || ||
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Ranki ng 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6
OManagenment System 1 mManagenent System 2 OManagenent System 3
OManagenment System 4 mManagenent System 5 OManagenent System 6
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Tabl e 6.13 Frequency of managenent system rankings for
simulations with 100 year return period rainfall events
using 3 CSA values (1.5, 8, and 15%, 6 DEMs (I FSAR 2.5M

| FSAR 10M USGS 10M USGS 30M W5 10M and SRTM 90M and 2
rainfall durations (30-min and 60-min) in tabular and
graphi cal format.

(2]
c
— N (42] < Te} O o
o o o o o o P
c c c c c c ©
= = = X X ®© E

c c c c c c —
g & & & & & Pw
Management System 1|17.6|11. 8|32. 4|11.8/17.6/8.8| 34
Management System 2|14. 7|20. 6| 8. 8 |23.5/23.5/8.8| 34
Management System 3| 2.9 |32.4|14.7|5.9|11. 8{32. 4| 34
Management System 4/2.9|8.8|14.7|38.2/5.9(29.4| 34
Management System 5|29. 4|17.6|2.9|8.8|26.5(14.7| 34
Management System 6|32.4|8. 8 |26.5|11.8/14.7[5.9| 34

Total Sinmulations 34 34 34 34 34 34
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6.4. Discussion

The “best” and “worst” nmanagenent system would ideally
be determ ned by conducting a well designed study that
noni tors the hydrol ogic i npact over long tinme periods (i.e.
10 to 50 years). However, this approach has a nunber of
probl enms. First, nmanagenent decisions are site-specific
based on | ocal information such as soils, topography, and
vegetation. Therefore, this type of managenent system
eval uati on woul d have to be conducted at each location to
determ ne whi ch nmanagenent systemis “best”. Monitoring
studi es are expensive and in many cases funds are not
available. In addition, different nanagenent systens woul d
need to be inplenented, nonitored, and replaced with a
al ternati ve managenent systemto determ ne whi ch nmanagenent

systemis the “best” systemfor a given |ocation.

Because using nonitoring data to evaluate different
managenment systens is inpractical froma cost and tine
st andpoi nt, managenent deci sions nodeling efforts are one
option to determ ne the “best” systemto inplenent.
However, using hydrol ogic nodels has problens related to

uncertainty in input data and physical process
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representation. |nput geographic data are avail abl e at
different resolutions and qualities | eading to challenges
in selecting the nost appropriate data for a given task.
The hi ghest resolution data are often perceived as the
“best” which m ght not be the best data to use for

wat ershed scale nodeling. As illustrated by results in
this chapter, the highest resolution and nbst accurate DEM
was the 2.5 neter | FSAR data. Sinulation results using the
“nost accurate” DEM had the hi ghest sedinent yield val ues
because of the high slope values. On the contrary,

sinmul ations for Watershed 11 using the | owest resol ution
and | east accurate DEM (SRTM 90 DEM did not produce
sedinent yield results that would all ow a manager to

differentiate between the different nmanagenent systens.

Just as inportant as selecting the digital elevation
nmodel to use in the nodeling effort is the selection of the
contributing source area and the precipitation event size.
Varyi ng these values had a greater influence in
differentiati ng between the nmanagenent systens than of the
DEMs. Although the snallest CSA value (1.5 percent)
produced inconsi stent managenent system rankings, the two

| arger CSA values (8.0 and 15.0 percent) provided
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separation of sedinent yield values between the six
managenent systens. The reason for this effect of CSA
val ues results fromthe interaction between the geonetric
representation of the watershed and the hydrol ogic

processes representation in the nodel.

Configurations with smaller contributing source area
val ues have greater total channel Iengths. Conversely,
configurations with larger contributing source area val ues
have smaller total channel length. As a result,
sinmul ations are | ess sensitive to changes on upl and
characteristics for smaller CSA configurations because the
channel processes mask effects resulting fromchanges in
upl and characteristics. As the CSA val ue increases, the
upl and effects of the managenent system becones nore
i nportant and have a greater influence on sedinent yield

esti mat es.

The influence of precipitation event size on estimated
sedinent yield results fromsite characteristics being nore
influential for smaller event sizes than |arger event
sizes. For smaller precipitation events, site

characteristics such as vegetative cover and soi
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properties have a greater influence on runoff generating
mechani snms. Conversely, vegetation and soi
characteristics have little influence on runoff for |arger
precipitation events. Therefore, different managenent
systens exhibit greater influences on sedinent yield for
smal | er precipitation events conpared to | arger

precipitation events.

6.5. Sunmary and Concl usi ons

Ranki ngs fromthe spatial decision support system were
conpared usi ng conbi nations of different configuration and
source data for six managenent systens. Sinulations were
performed for Watershed 11 in the Wal nut Gul ch Experi nent al
Wat er shed usi ng watershed configurations fromsix different
digital elevation nodels of different resolutions and
accuracy, three different contributing source area val ues,
six different precipitation event sizes. Managenent
systens were ranked based on the estimted sedinent yield
wher e managenent systens yielding the | ower sedinent yield

val ues were consi dered better.
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The selection of digital elevation nodel, contributing
source area, and precipitation event size wll inpact the
ranki ngs by the spatial decision support system O the
three CSA values (1.5, 8.0, and 15 percent), the 1.5
percent CSA produced the | east consistent nanagenent system
rankings while the 8 percent CSA val ue produced the nobst
consi stent rankings. The smaller, nore frequent rainfal
event (5-year return period) had nore consistent nanagenent
systemrankings while the larger, |ess frequent rainfal
event (100-year return period) produced | ess consistent
managenent systemrakings. O the six digital elevation
nodel s, the highest resolution DEM (2.5 neter |FSAR) had
t he nost consi stent nmanagenent systemrankings while the
| owest resolution DEM (90 neter SRTM had the | east

consi stent managenent system ranki ngs.

Exam ni ng ranki ng frequenci es across the DEMs
illustrated a few rel ationships of note. The IFSAR 2.5
meter and USGS 10 neter DEMs had managenent system ranking
frequencies that were the nost simlar even though these
DEMs were created using different nmethods. This indicates
that the selection of DEMfor use in the spatial decision

support system should not be based on derivation nethod as
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DEMs derived using the sanme nethods had different rankings.
For exanpl e, ranking frequencies for sinulations using the
| FSAR 10 nmeter DEM which is derived fromthe | FSAR 2.5
neter DEM were the sanme as the IFSAR 2.5 neter DEMin only
three of the six positions (first, third, and |ast).
However, all of the DEMs had Managenent System 6 ranked as

produci ng the | owest sedinent yield the nost frequently.

Sinmul ations using the 8 percent CSA with the 10-year
60-m nute stormevent mnimzed the influence of the DEM on
managenent system rankings; for this configuration, the DEM
sel ection had the snallest inmpact on changi ng managenent
ranki ngs. For these sinmulations, four of the six DEMs
produced the sane rankings while the remaining two DEMs
produced identical rankings. Digital elevation nodel
sel ection had the greatest influence on sinulations using
the 0.5 percent CSA val ue, as none of the order of

managenent systemrankings for a DEM were t he sane.
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CHAPTER 7

SUMVARY AND CONCLUSI ONS

7.1. Introduction

I nformati on technol ogy has drastically changed
wat er shed managenent in the past few decades. Advances in
technol ogi es such as the Internet, geographic information
systens, renote sensing, and spatial databases have
i nproved the manner in which we communi cate and exchange
information, collect, process and visualize spatial data,
and represent and store information. Information
technol ogy all ows wat ershed nmanagers to be nmuch nore
efficient, for exanple procedures such as hydrol ogi ¢ nodel
paraneterizations can be conducted in mnutes, which could

t ake weeks when conducted nmanual ly.

Wil e informati on technol ogy has profoundly inpacted
wat er shed managenent, opportunities continue as technol ogy

and environnent al deci sion-nmaki ng changes. As managenent
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deci sions tend towards a bottom up approach, which involves
st akehol ders t hrough the decision process, information

t echnol ogy can assi st comruni cati on and educati on of those
i nvol ved. The Internet provides an efficient nmediumfor
transfer and sharing of information anong deci sion nmakers.
The availability and access to data all ows | ocal

st akehol ders to use current information and perform

anal yses and educate thensel ves regardi ng conpl exities of
the issues. Moreover, enpowering |ocal stakehol ders
results in bi-directional comunication and increases

chances for consensus anong stakehol ders.

The success of bottom up decision-nmaking relies on
educati ng stakehol ders about the problens and the processes
causing the problens. Providing access to decision support
systens offers the opportunity to integrate the social -
econom ¢ and bi ophysi cal processes into a framework
accessible to | ocal stakehol ders. Decision support systens
integrate simulation nodels describing the physical
processes, geographic information systens capturing the
spatial nature of the information, and the Internet
provi ding access to information to those involved and when

conbi ned with other technol ogies, offer potential to
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convert data to information to knowl edge. This data-
i nformati on- know edge conversi on provi des the opportunity
to offer decision-makers with data in appropriate formats,

a need identified by the National Research Council (1999).

7.2. Major Contributions

The research conducted led to the design and
i npl ementation of a prototype Internet-based spati al
deci si on support system (SDSS) for rangel and wat er shed
managenent. The I nternet-based SDSS provides core
functionality required for rangel and wat ershed nmanagenent
educati on and deci sion-nmaking. Users have the capability
to dynam cal ly delineate watersheds by clicking on a nap to
| ocate a watershed outlet. Using this boundary, users can
perform sinmul ati ons using hydrol ogic nodels with paraneter
sets derived fromsoils and | and cover A S data | ayers and
spatially visualize results. The application provides a
“thicker” client to delineate rangel and nmanagenent systens
whi ch consi st of pasture boundaries, water points, and
sedi nent detention structures. Each nmanagenent practice
contains user-defined attributes that are incorporated into

t he nodeling process. Hydrologic sinmulations are perforned
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on user delineated managenent systens and results are
presented in a spatial, graphical, and tabul ar format.
Users can create “what if” scenarios such as |ocating water
sources at different |l ocations within a pasture or change

t he | ocation of pasture boundaries and conpare the runoff

and sedinent yield of different scenari os.

The inportant contributions of this research to the

literature on decision support systens are:

8§ Analysis and docunentation of the requirenents for a
spatial decision support systemfor rangel and
wat er shed nmanagenent .

8 Inplementation of the spatial decision support
systemproviding a fully interactive G S over the
| nt er net .

8§ Evaluation of error in readily available digital
el evati on nodel s.

8§ Determination of the sensitivity of digital
el evati on nodel s, contributing source area val ues,
and precipitation event sizes on nmanagenent systens

ranki ngs by the spatial decision support system
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7.3. Maj or Concl usions

Results from this study vyielded several conclusions
rel evant to the field of wat ershed hydrol ogy and

managenent. The maj or concl usi ons i ncl ude:

8 Recent advances in information technol ogy can be
effectively utilized in watershed deci sion support
technol ogy. Spatial decision support systens can
| everage | T advances such as Wb services, object
oriented design nethods, and the Internet to produce
t he next generation of watershed applications.
Appl i cations using Wb servi ces pronote conponent
reuse and sharing across operating systens and
programm ng | anguages. Furthernore, when Wb services
are conbined with the Internet, this technol ogy
pronotes sharing of research and devel opnent across
organi zati ons. Depl oyi ng wat ershed applications via
the Internet increases access to underrepresented
st akehol ders. The Internet provides a neans to |ink
di verse stakehol ders while sinplifying application

managenent and updates. And finally, object oriented
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principles are well suited for the conplexities
related to different hydrol ogi c nodels and ontol ogic
representations for watersheds. Inheritance and

pol ynmor phismall ow nmultiple nodels to be included in
the spatial decision support systemwith little

effort.

In conparing digital elevation data of different
sources and resolutions wth survey data, the digital
dat a approxi mated surfaces well, with the higher

resol uti on data producing | ower root mean square error
val ues. The DEMs represented the hilly region of the
Wal nut Gul ch Experinental Watershed better than the

hi ghly di ssected region of the watershed. For the

hi ghly di ssected area, the | ower resolution DEMs had
difficulty capturing tops of ridges and bottons of
head- cut s. Because highly dissected regions are

i nportant sedi nent produci ng areas, using the |ower
resolution DEMs included in this analysis would ignore
erosi on processes in these areas which may i npact
total sedinent predicted from hydrol ogi c sinulations.

The USGS 10 neter DEM which is highest resolution,
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nost wi dely avail able digital elevation nodel, did not
capture these sedi nent producing areas on Wl nut

@ul ch. As expected, the 90-neter Shuttle Radar
Topography M ssion data did not capture snal

wat ershed features. The snmall watersheds delineated
wth the 30-neter resolution digital data conpared
reasonably well with digitized watershed boundari es.
However, the higher resolution digital data (2.5 and
10 neter data) created watershed boundaries that nost

closely matched digitized data.

Different digital elevation nodels, contributing
source area values, and precipitation event sizes
produced different managenent system rankings.
Differences in the frequenci es of managenent system
ranki ngs were greater for the smaller precipitation
event sizes and mddle and | arger contributing source
area val ues conpared to the different DEMs. This
greater difference in frequencies of managenent system
ranki ngs indi cates a nmanagenent system was
consistently ranked in a certain position (i.e,.

fourth) during a greater portion of the sinulations.
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The selection of digital elevation nodels produced

| ess conclusive or |lower differences between
managenent system ranki ngs conpared to contributing
source area val ues and precipitation event sizes.
Smal | er contributing source area val ues al so produced
i ncl usive frequenci es of managenent system ranki ngs.
The DEM that had the | owest resolution of the six DEMs
in the study produced inconclusive results for
managenent systemrankings. Unfortunately, this DEM
the SRTM 90 neter DEM is available for North Amrerica
whi ch decreases the confidence in results from using
t hese data in spatial decision support system

si nul ati ons.

7.4. Recommendations for Future Research

Provi di ng access to applications such as the spati al
deci si on support system opens doors to future research to
eval uate of the role of technology in bottom up decision-
maki ng for watershed managenent. Once applications are
made available to the public, this type of application can
be nonitored to determ ne and eval uate users’ preferences

about how these types of systens can be inplenented. The
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SDSS i s designed to be sinulation nodel independent,
all ow ng new sinul ation nodels to be included, however
different nodels have different assunptions and were

devel oped for different purposes. Research on devel oping
heuristics for constraining the application of these nodels
in both a spatial/tenporal context and for specific

envi ronnent al probl ens should al so be conduct ed.

I n advanci ng technol ogy for transferring information
fromscientists to decision-nmakers, watershed managers and
scientists need to be nore proactive in defining what is
needed specifically frominformation technol ogy to assi st
t he wat er shed deci si on-naki ng process. Advanci ng | nternet
A S through nmaking the transfer of data nore efficient
allows spatial information to be integrated in applications
supplied to decision-nmakers. Sinulation nodeling can be
i nproved through two nmethods: inproving the understandi ng
of the processes and inproving the representation of the
properties. The latter can be addressed through spati al
dat abase research devel oping “snmart” data types whi ch enbed
the characteristics of the data in its representation.

O her nmethods for exploring spatial relationships such as

spatial data mning provide opportunities to exam ne data
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usi ng techni ques yet to be explored in watershed
managenent. For exanple, prelimnary research has been
done to distribute soil texture based on a soils position
on a hillslope, but these types of relationships have not
been studied extensively in different hydrol ogic regions.
And finally, integrating individual applications into
deci si on support systens provides additional information

for deci si on nakers.

7.4.1. Internet AdS

As the technology for transferring spatial data via
the I nternet advances, Internet-based applications will be
richer and functionality will increase. Currently, nobst
Internet A S applications use imges to transfer spatia
data; a spatial server converts the area selected by the
user fromraster and/or vector to an imge such as a jpeg
and the data are transferred. Transferring data in its
original format is inefficient and other formats have been
exam ned. Scientists are researching this issue and
certain architectures have been proposed for nore efficient
spatial data transfer. For exanple, Wi et al. (1999)

devel oped a client-side application using a tile-division
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met hod which requires new requests to only transfer data on
tiles not present on the client. Since the only two ways
to inprove performance in Wb-based G S are to increase the
speed of the Internet or increase the efficiency of the
prograns (Peng, 1997), research should focus on increasing

the efficiency of the prograns.

7.4.2. Spatial Databases

Research on Spatial Database Managenent Systens is
primarily focused on devel oping a spatial taxonony, spatial
data nodel s, spatial query | anguages and processing
strategies, spatial access nethods (Shekhar et al., 1999),
and spatial data m ning and has been out of the real mof
wat er shed managenent. However, watershed scientists should
actively participate in research for spatial data nodels

and spatial data m ning.

7.4.3. Spatial Data Mdels

Spatial data nodels are data structures that represent
and store features and behaviors of interest. Currently,

there are two common types of geographi c space nodel s:
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entity-based (or object based) and field-based (or cell
based). The entity-based nodel describes geographic space
as discrete spatially referenced objects, typically a
point, line, or polygon. The field-based nodels represent
geographi c space as a tessellation of regular or irregular
shaped cells. |In nost conmon G Ss, field-based data nodels

are regul ar, rectangul ar shaped cells for conputational

simplicity.

Dat a nodel s specifically devel oped for hydrol ogy and
wat er shed managenent can inprove the representation in the
next generation of sinulation nodels. A data nodel
devel oped by Dr. David Miidnent at the University of Texas,
Austin describes an entity-based structure for water
resources (see Maidment, 2002). This approach allows
natural features found on the |andscape to be described in
t he dat abase and addresses the primary features
representing the | andscape, how water noves between
features, and what are the tinme patterns associated with
each feature (Maidnent, 2002). Uilizing a watershed-
specific data nodel will ease the connection between
simul ati on nodel s and data storage resulting in a tighter

i ntegration.
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Advances in field-based data nodel s coul d make quad-
tree data structures operable in watershed managenent.
Quad-tree data structures provide the benefits of
representing | andscape features at variable scal es over an
area. For exanple, when nodeling the effects of riparian
veget ati on over a watershed using current regular shaped
cells, nost of the values will be zero or null resulting in
| arge anobunts of wasted space. However, with quad-tree
data structures, the cell size can change so that smaller
cells adjacent to the stream can capture the variability

needed to represent riparian properties.

7.4.4. Know edge Di scovery/ Spatial Data M ning

The quantity of spatial data is increasing rapidly as
new satellites are |aunched and agencies continue to create
data; however, converting this data into information is a
very chall enging task. Know edge Di scovery is the process
of converting data to knowl edge and is often perceived
al ong a data-information-know edge conti nuum One step in
t he Know edge Di scovery process is data mning, which is
the process of developing algorithns to extract new

patterns from data contained in databases (Buttenfield et
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al., 2000). Data mning nodels often utilize statistics,
neural networks, and synbolic | earning conputational
approaches, along wth evolutionary algorithnms, fuzzy sets
and fuzzy logic (Chen, 2001). Spatial data mning is the
process of exam ning spatial databases |ooking for inplicit
useful information (Chawa et al., 2000). In addition to
traditional data mning, spatial data m ning provides
additional challenges due to difficulties in spatial
representation and the spatial autocorrelation inherent in
spatial phenonena. |In watershed nmanagenent, applications
of spatial data m ning have been Iimted, yet the
possibilities for integrating the spatial data m ning

process in watershed anal yses exi st.

7.4.5. Evaluation and Verification of Spatial Decision

Support Systens

While it is recognized that errors exist in data,
their effects on decisions are |less clearly understood.
For exanple, the sensitivity of managenent decisions from
spatial decision support systens wll vary dependi ng on the
resolution and errors inherent in the underlying data sets.

However, the inpact of the output managenent system needs
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to be studied in greater detail. Research in this area
w Il provide information on the quality of data required
for decision support systens and the need (or |ack of need)

for inmproved information.

Once Spatial Decision Support Systens are assenbl ed,
verifying simulation results is conplex due to the |ack of
data and the tinme-scale required for natural systens to
respond to managenent alterations. Since one reason for
the | ow adoption rates of decision support systemis |ack
of field validation (Newran et al., 2000), the devel opnent
of decision support systens nust include attenpts to verify
simulation results; however verifying these systens is a
conplex and difficult task. One approach is to verify the
i ndi vi dual conponents of the systemindependently, but this
approach neglects the interaction and feedback anong
processes. Verifying the entire systemrequires |long-term
data records and an understanding of the interactions

bet ween i nvol ved processes.
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7.4.6. Defining XM. Standards

Ext ensi bl e Markup Language (XM.) provides the
capability of integrating different inconpatible
t echnol ogi es through the use of a structured, open file
format. Defining an XML standard schena all ows different
applications to share informati on. For exanple, a decision
support system comruni cating with watershed-scal e
hydr ol ogi ¢ sinul ati on nodels through XM. all ows the system
to utilize different sinulation nodels. And since
different sinulation nodels are applicable to different
envi ronnents, the appropriate nodels could be used. A
standard schema al so allows applications to be distributed,

communi cati ng through the network.

7.4.7. Specialization through Wb Servi ces

I nternet technol ogy has provided a neans for
comuni cati on between agencies with different expertise
regardi ng natural resources nmanagenent. However, due to
various constraints, comunication and utilization of this
expertise is limted. One of the areas yet to be explored

i n wat ershed managenent is the use of Wb services to
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i ntegrate agency expertise in the decision-nmaki ng process.
Web services are a new breed of web applications that can
be accessed from ot her applications or by other Wb
services and provide their own inplenmentation of
application |logic hosted at various |ocations. For
wat er shed managenent, the different conponents of a spati al
deci si on support system could be inplenented using Wb
services. The hypothetical architecture involves federal,
state, and | ocal stakeholders all contributing their
expertise to the decision process. An agency such as the
US Forest Service m ght have a Wb service that determ nes
the |l ocations of |ogging roads or forest nanagenent plans
based on avail able data. The US Fish and WIldlife service
m ght have a Wb service that provides information about
Thr eat ened and Endangered species for the sanme area. This
technol ogy, while still in its infancy, has the capability
to integrate stakehol der concerns and potentially

stream i ne t he deci si on-maki ng process.
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Appendi x A Definition of Term nol ogy

Abstract class — A class that cannot be instantiated. An
abstract class is used where the inplenentation of
met hods is comon to all subcl asses but ot her nethods
nmust contain the inplenmentation.

Appl et — an applet is a programwitten using the Java
progranm ng | anguage that can be included in an HTM
page, nmuch in the sane way an inmage is included. (From
http://java. sun. conif appl ets/).

Concrete class — An instantiable class that contains the
i npl enmentation details.

Enterprise JavaBean — A server-side conponent architecture
avai | abl e through the Java 2 Enterprise Edition
envi ronment .

Ext ensi bl e — capabl e of being extended with new or
additional functionality.

eXt ensi bl e Markup Language (XM.) — A text based docunent
structure that identifies the content of text by using
a tag-based hierarchy.

| nheritance — Ability of a sub-class to utilize
functionality of a super class, i.e. a subclass
inherits the super class

Class Interface — A definition of the functionality
provided by a class. A class interface does not
contain details on how the functionality is
i npl emented, only details on what the class can do.

I nteroperable - interoperability is the ability of systens
or software components of a systemto operate
reci procally overcom ng barriers inposed by
het er ogeneous processi ng environnments and
het er ogeneous data (Buehler and Mkee, 1998)

oj ect-oriented Programm ng — a structure of programm ng
based on objects that represent real world itens.
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Pol ynor phi sm — The i nvocation of the appropriate object
met hod dependi ng on where the object is in the
i nheritance hierarchy (Horstmann and Cornell, 1999)

Web Services — Conponents that conmunicate using text (XM)
based nessages. This Wb services architecture
el i m nat es programm ng | anguage, operating system
dat abase managenent system and hardware dependenci es.
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Appendi x B: SDSS Screen Captures
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Figure B.1. The SDSS provides users with basic G S
functionality. Users can nove |layers up/down, turn |ayers
of f/on, and zoom in/out.
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Figure B.2. Users can delineate watershed boundaries by
| ocating the watershed outlet by “clicking” on a nap
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Figure B.3. Results fromthe simulations can be displ ayed
spatially on the map. Users have the option to view runoff
or sediment yield data.
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Figure B.4. The user creates a nmanagenent system by
sel ecting the managenent system and drawi ng on the map.
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Figure B.5. The user can assign attributes to the
managenment system For user delineated pastures, users
enter the nane of the pasture, stocking rate, forage
demand, condition, and use of critical area planting.
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Appendi x C. KI NEROS2 Overvi ew

The nmodel used in this research is KINERGCS, version 2,
which is a distributed, event-oriented, physically based
nodel that uses the kinematic wave equation to route both
runoff and sedinment fromsmall agricultural sem-arid or
urban wat ersheds. KINEROS2 represents a watershed through
a configuration of a cascade of planes and sinulates the
hydrol ogi ¢ and hydraulic properties of event-based
rainfall, interception, infiltration, Hortionian overland
fl ow, channel routing, and erosion and sedi nent transport.
The channel el enents are capable of having two | ateral
el enrents and either a channel or an upl and el enent
contributing to the channel initiation. A brief
description of the hydrol ogi c processes sinul ated by
KINEROCS2 is presented in bel ow and additional information
can be attained fromthe KINEROS2 manual (Wol hiser et al.
1990) .

I nterception

Interception is the rainfall retained on the
vegetation surface and is subtracted fromthe total
rainfall available for infiltration. The interception
quantity in KINEROS2 is controlled by two i nput paraneters:
the interception depth and the portion of the | andscape
covered by vegetation capable of intercepting
precipitation. The total rainfall is reduced by the
avai l able interception storage until the total rainfal
exceeds the storage capacity.

Infiltration

The infiltration routine in KINEROS2 allows for the
characterization and sinulation of up to two soils |ayers
and contains nmultiple paraneters that control the
infiltration rate. The infiltration capacity during a
precipitation event is a function of the total infiltrated
depth and the infiltration properties are described by the
effective field saturated hydraulic conductivity, the
integral capillary drive, and the porosity (Wol hiser et
al., 1990). A spatial distribution paraneter also
represents the natural variability that occurs in the
hydraulic paranmeter. The infiltration capacity is a
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nodi fication of the G een-Anpt equation that neasures the
infiltrability as a function of infiltration depth.

KI NEROS2 al so contains nethods for calculating infiltration
under nore conpl ex circunstances, such as for soils with a
restrictive upper or lower |ayer, redistributing soi

noi sture during a rainfall hiatus and under very wet

initial conditions.

Hort oni an Overl and Fl ow

Pondi ng on the soil surface can occur when either the
rainfall intensity exceeds the infiltration rate or the
soi |l becomes saturated due to an extensive rain event or an
i npervious |ayer underlying the soil surface. KINERGCS2
simul ates overland fl ow using a one-di nensi onal equation
wth a power relationship that relates water flux to the
unit area storage. This power relationship is conbined
with the continuity equation to fornulate kinemati c wave
equations which are an approxi mati on of the de Saint Venant
partial differential equations. The kinematic wave
approxi mati on does not sinulate wave attenuation but have
been found to be an excell ent approximation for nost
overland flow conditions (Wol hiser and Liggett, 1967;
Morris and Wol hiser, 1980). The ki nemati c wave equati ons
are solved using a four-point inplicit nmethod and a
solution is obtained with a Newton-Raphson nuneri cal
met hod. The resistance of flow provided by the surface can
be approxi mated using a Manning’ s roughness coefficient, n,
or a Chezy friction coefficient, C

Channel Routi ng

Unst eady, open channel flow is also simulated using
t he ki nematic wave approxi mati ons of the de Saint Venant
partial differential equations. Using these assunptions,
the continuity equations are re-witten so that discharge
is a function of cross-sectional channel area. The
ki nemati c equations are al so solved using a four point
inplicit technique simlar to the solution for the overl and
fl ow conponent except that the depth of flowis substituted
Wi th the cross-sectional area. Wter infiltrated into the
channel, also referred to as transm ssion | osses, can be
sinmul ated in KINEROS2 using the sane set of equations used
to sinmulate infiltration in the upland surface.
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Er osi on and Deposition

KI NEROS2 simul at es erosi on processes by estimating
erosi on caused by raindrop inpact and entrai nnent by
overland flow Erosion resulting fromraindrop inpact is
approxi mated as the square of the rainfall intensity and is
reduced with increasing depth of water. Erosion caused by
entrainnent of flowis assuned |inearly dependent on the
di fference between the transport capacity and the current
sedi nent concentration where transport capacity is
cal cul ated using a unit stream power approach. Rain splash
erosion and transport capacity cal cul ati ons are perforned
for each tine step and for up to five soil particle sizes
and is solved applying a four point finite difference
schene. Channel erosion and sedinent transport is
estimated using the sane approach except that erosion
caused by raindrop inpact is ignored.
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Appendi x Dt SDSS Data Dictionary
DESI GNSTORM
Stores the design stormevents used in the sinulations.
This table is the parent table for the designstornval ue
tabl e
Attribute Nanme Description
STORM D Uni que nunber identifying the storm
event
RETURNPERI OD_YR The return period of the storm event
in years
DURATI ON The duration of the stormevent in
m nut es

DESI GNSTORMVAL UE

Stores values for a design storm

Attribute Nanme Descri ption

STORWALI D Uni que nunber identifying the storm
val ue

TIME MN The tinme the val ue was

nmeasur ed/ derived after the begi nning
of the storm

| NTENSI TY The intensity value in nmhr for the
st orm event

DESI GNSTORM D The design stormassociated with this
tupl e

ELEMENT_OUTPUT

Si mul ati on nodel output for a single el enent

Attribute Nanme Description

SIMD Uni que nunber identifying the el enent
out put val ue

ELEVENTI D The el enment output id corresponding
with this record

TYPE The type of elenent (i.e. plane,
channel, etc.)

PARAMCODE A code defining the output paraneter
val ue

PARAMNANVE The common nane for the paraneter
nane

VALUE Val ue of the out put

UNI TS the units of the out put
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LANDCOVERLAYERS

The | and cover data |ayers stored in the database

Attri bute Nanme

Descri ption

LANDCOVLAYERI D

Uni que nunber identifying the | and
cover | ayer

NAME The nanme of the | and cover data | ayer
SDENANME The full ArcSDE nane of the | and
cover data | ayer
DESCRI PTI ON A description of the | andcover data
| ayer
NUMVEGCLASSES Nunber of vegetation classes in the

data | ayer

data | ayers

LANDCOVPARANMETERS

Model i ng paraneters that are derived fromland cover G S

Attri bute Name

Descri ption

LCPARAM D

Uni que nunber identifying the | and
cover paraneter

SUBWATERSHEDI D

Subwat er shed nunber that this
paraneter is associated

PARAVETERNAME Model specific | and cover paraneter
name paraneter nane (i.e. man, int,
etc)

VALUE Val ue of the paraneter

UNI TS Units of the paraneter

LCPARAMETERSETI D

Paraneter set that this paraneter
val ue belongs to

LANDCOVPARAMSETS

Land cover paraneter set for a topographic paraneterization

Attri bute Name

Descri ption

LCPARAMSETI D

Uni que nunber identifying the
par anet er set

MODELI D Simul ation nodel identifier that this
paraneteri zati on was performed for

LCLAYERI D Land cover G S layer id used to
derive the nodel paraneters

DESCRI PTI ON Description of the paraneter set

TOPOPARANVSETI D

Topogr aphi ¢ paraneter set id for
whi ch the nodel paraneterization was
per f or med

LANDCOVLUTI D

Land cover | ook up table id used to
generate the nodel paraneters
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LANDCOV_LUT

Look-up table that relates | and cover vegetation classes to

nodel specific paraneters

Attribute Nane Descri ption

LCLUTI D Uni que identifier for the veg
cl ass/ nodel paraneter

CLASS Nane of the vegetation class in the
G S grid or coverage

PARAMNANMVE Si mul ati on nodel paraneter nane that
associated wth the veg cl ass

VALUE Si mul ati on nodel paraneter val ue

UNI TS Units of the paraneter val ue

LCDESCI D Look-up table description identifier

LANDCOV_LUTDESC

Description of the |and cover | ookup table

Attribute Nane Descri ption

LCDESCI D Uni que identifier for the | andcover
| ookup table

NAVE Nane of the | ookup table

MODELI D Simul ation nodel id that the | ookup
tabl e was created

DESCRI PTI ON Description of the | ookup table

MANAGEMENT _SYSTEMS

Cont ai ns t he managenent systens created by users

Attribute Nanme Description

SYSTEM D Uni que identifier identifying the
managenment system

NAME User defined nane of the managenent
system

USERI D User id who created the nanagenent

syst em
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MEMISAO LSPARAVETERS

Contains the soil paraneters that were adjusted based on

managenent activity

Attribute Nane Descri ption

MGVTSO LSPARAM D Uni que identifier for the managenent
system

SUBWATERSHEDI D Subwat ershed id that has sinulation
nodel paraneters nodified

PARAVETERNAME Si mul ati on nodel paraneter nane that
was nodi fied

VALUE New val ue of the nodel paraneter

UNI TS Units of the paraneter val ue

MGMISYSTEM D Managenent systemthis record is
associated with

PASSWORD

Stores user passwords for the sdss

Attribute Nanme Description

USERI D Uni que identifier for the sdss user
PASSWORD Password of the sdss user

MGMT_TOPOPO_PARANSET
Topogr aphi ¢ paraneter sets that have managenent systens
created
Attribute Nane Descri ption
MGMT TOPOPARANVSETI D Uni que identifier for the managenent
t opogr aphi ¢ paraneter set

TOPOPARANVSETI D Topogr aphi ¢ paraneter set the
managenent system was paraneterized

NAME Nanme of the nmanagenent topographic
par anet er set

SYSTEM D Managenent systemused in the

t opogr aphi ¢ paraneterization
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PASTURE

Stores informati on on

user delineated pastures

Attri bute Nanme

Descri ption

BMPI D Uni que identifier for the pasture

SYSTEM D Managenent systemthe pasture is
associated with

NAME Nanme of the pasture

CONDI Tl ON Ecol ogi cal condition of the pasture

STOCKI NG_RATE

Stocking rate of the pasture

CRI TI CALPLANT

Presence of critical area planting

FORAGE_DEMAND

Forage demand for l|ivestock in the
past ure

SHAPE Past ure pol ygon
SEDBASI N

Stores information on user delineated sedi nent detention

basi ns

Attribute Name Description

BWPI D Uni que identifier for the sedi nent
detention basin

SYSTEM D Managenment system the sedi nent
detention basin is associated with

NANVE Nane of the sedinment detention basin

DESCRI PTI ON Description of the sedinent detention
basin

SHAPE Sedi nent detention basin point
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SI MULATI ONS

Stores information on user’s sinulations perfornmed by the

SDSS

Attribute Nane Descri ption

SIM D Uni que identifier of the sinulation

MODELI D Model identifier that perfornmed the
si mul ati on

TOPOPARANVSETI D Topogr aphi ¢ paranmeter set used to
create sinul ation nodel paraneter
sets

SO LSPARAMSETI D Soi | parameter set used to create
simul ati on nodel paraneter sets

LCPARANVSETI D Land cover paraneter set used to
create sinul ati on nodel paraneter
sets

NANVE User defined nanme of the sinulation

DESCRI PTI ON User defined description of the
si mul ation

SI MULATI ON_MODEL

Stores information on simulation nodels available to use in

the spatial decision support system

Attribute Nane Descri ption

MODELI D Uni que identifier for the sinulation
nodel

NAVE Name of the sinulation npdel

VERSI| ON Version of the simulation node

SA LSLAYERS

Stores soil layers available to perform nodel

par anet eri zati on

Attribute Nane Descri ption

SO LSLAYERI D Uni que identifier for the soils |ayer
NAME Nanme of the soils |ayer

SDENANME ArcSDE nanme of the soils |ayer

DESCRI PTI ON Description of the soils |ayer
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SA LSPARAMVETERS

Stores the soils paraneters used in perform ng node
si mul ati ons

Attribute Nane Descri ption

SO LSPARAM D Unique identifier for the soils
par anet er

SUBWATERSHEDI D Subwat er shed nunber that this
paranmeter i s associated

PARAVETERNAME Model specific soil paraneter nane
paranmeter nanme (i.e. ks, pct sand,
etc)

VALUE Val ue of the paraneter

UNI TS Units of the paraneter

SO LSPARVETERSETI D Paraneter set that this paraneter
val ue bel ongs

SO LSPARAMSETS

Soil s paraneter set for a topographic paraneterization

Attribute Nanme Description

SO LSPARMVSETI D Uni que nunber identifying the
par anet er set

MODELI D Simul ation nodel identifier that this
paraneterization was perforned

SO LSLAYERI D Soils A S layer id used to derive the
nodel paraneters

DESCRI PTI ON Description of the paraneter set

TOPOPARANVSETI D Topogr aphi ¢ paranmeter set id for
whi ch the nodel paraneterization was
per f or med

SO LSLUTI D Soils look up table id used to
generate the nodel paraneters
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SO LS _LUT

Stores the soils specific nodel paraneter val ues based on

soil texture

Attribute Nane Descri ption

SO LSLUTI D Identifier for the soils | ook up
table record

TEXTURE Soi|l texture paranmeter used in soils
| ayer

PARAMNANMVE Model specific paraneter val ue nane

VALUE Val ue of the nodel paraneter

UNI TS Units of the paraneter

SA LSDESCI D Soil's description associated with
this record

St ores general
par anet er val ues

i nformati on about soi l

SO LS LUTDESC
deri ved node

Attri bute Name

Descri ption

SA LSDESCI D |dentifier for the soils | ook up
tabl e description record

NAVE User defined name of the | ook up
tabl e

MODELI D Si mul ati on nodel associated with | ook
up table

DESCRI PTI ON User defined description of the | ook

up table

STREAM

St ores data about the

st ream net wor ks

Attri bute Name

Descri ption

TOPOPARANVSETI D

Topogr aphi ¢ paraneter set for which
t he stream was created

STREAMNUM

The stream nunber

STREAM GEOM

Stream geonetry |ine
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STREAVMPARAMETERS

Stores nodeling paraneters for the stream channel s

Attri bute Nanme

Descri ption

STREAMPARAM D

Uni que identifier for the stream
channel paraneter

STREAVNUMBER St ream channel nunber
PARAVETERNAME Model paraneter nane

VALUE Model paraneter val ues

UNI TS Units of the nodel paraneter val ue

TOPOPARANMSETI D

Topogr aphi ¢ paraneter set for which
t he stream was created

si nmul ati ons

SUBWATERSHEDS

Stores data on the sub watershed created for node

Attri bute Nanme

Descri ption

TOPOPARANVSETI D

Topogr aphi ¢ paranmeter set for which
the stream was created

SUBWATERSHEDI D

Subwat er shed nunber

GEOVETRY

Subwat er shed geonetry pol ygon

AREA

Area of the subwatershed

SUMVARY_QUTPUT

Stores simulation nodel output summaries

Attri bute Nanme

Descri ption

SIMD

Si mul ati on output record is
associ at ed

PARAMCODE Model paraneter code for the output
PARAMNANVE Model paraneter nanme for the output
VALUE Val ue of the out put

UNI TS Unit of the nobdel output
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TOPOGRAPHYLAYERS

Stores an index of the topography |ayers (i.e., DEM)
avai l able to be used in the SDSS

Attri bute Name

Descri ption

DEM D

Uni que identifier for the topography
| ayer

NAVE Topogr aphy | ayer nane

SDENANVE Topogr aphy | ayer nane as used by ESR
Ar c SDE

RESCLUTI ON Resol uti on of the DEM

DESCRI PTI ON Descri ption of the DEM

FLOW DI R_SDENAME

ArcSDE nane of the flow direction
| ayer

FLOW ACCUM_SDENANE

Ar cSDE nane of the flow accunul ati on
| ayer

TOPOPARAMETER

Stores the topographic paraneters used in nodel sinulation

Attribute Nanme Description

TOPOPARAM D Uni que identifier for the topographic
par anet er

PARAVMNANMVE Model specific paraneter nane

VALUE Val ue of the nodel paraneter

UNI TS Units of the nodel paraneter

TOPOPARANVSETI D

Topogr aphi ¢ paranmeter set this record
is associ ated

SUBWSHEDI D

Subwat er shed thi s topographic
paranmeter is associated with

TOPOPARANVSET

set

Stores general information about the topographic paraneter

Attri bute Nanme

Descri ption

TOPOPARANVSETI D

Uni que identifier for the topography
par anet er set

CSA Contributing source area val ue used
in the wat ershed delineation

DEM D Topography layer identifier used in
t he wat ershed del i neation

MODELI D Si mul ati on nodel the topographic
par aneter set was created

WATERSHEDI D Subwat er shed contai ning the

t opogr aphi ¢ paraneter set
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USERS

Stores information about users of the spatial decision

support system

Attribute Nane Descri ption

USERI D Uni que identifier of the sdss user

EMAI L El ectronic mailing address of the
user

FI RSTNAVE Fi st nane of the sdss user

LASTNANME Last nane of the sdss user

STADDRESS1 Street address of the sdss user (part
1)

STADDRESS2 Street address of the sdss user (part
2)

aTY Cty of the sdss user’s address

STATE State of the sdss user’s address

ZI P Zip code of the sdss user’s address

COUNTRY Country of the sdss user’s address

PHONE Phone nunber of the sdss user

WATERPO NT

Stores the water point best managenent practice

Attribute Nanme Description

BMPI D Uni que identifier for the water point

SYSTEM D Managenment systemthe water point is
associated wth

NAME Nanme of the water point

DESCRI PTI ON Description of the water point

SHAPE WAt er poi nt point

WATERSHED BOUNDARY

Store user’s wat ershed boundaries created through the sdss

Attribute Nanme Description

WATERSHEDI D Uni que identifier for the watershed
boundary

USERI D Omer of the watershed boundary

NAVE User specified nanme of the watershed
boundary

DESCRI PTI ON Description of the watershed boundary

SHAPE Wat er shed boundary pol ygon
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WSDelineationServlet | | DelineateWatershedEJB

create(request) . |
Ll

delineateBoundary

(WatershedRequest)

getBoundaryNum():String_
Ll

SDSS Sequence Di agr ans
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Sequence WSBoundaryWs

MapManager

UserEJB

getUserinfo():UsérEJB

F_______________

CreateBoundary (boundaryNum:String,

outletX:Double, outletY:

boundaryName: String,
boundaryDesc: String):String

1
addBoundary(map:Map, boundaryNum!String)

L
|
|
|
|
|

Figure E.1 Delineate Watershed Boundary Use Case

\ 4
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ParameterizeModelsServlet ModelParameterizationEJB TopoParameterizationEJB UserEJB

T ]
1
s create(request) i

| -

Ll
parameterizeTopography
(TopoParamRequest) ™|

getUserinfo():UserEJB

\

DelineateWatershed (boundaryNum:String, —
username:String):result:String

Figure E.2 Topographic Paraneterization Use Case
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W ModelParameterizationE.JB ModelParamWs User
1 | I
' parameterizeSoiIgV: i
(SoilsRequest)
getUsername():String o
Ll

processSoils(soilsLayerID:String, topoParamSetld: String,
Sted dalid Ctel =) inti Strd [
SRR SHHE—H HHRG— S EHBHOR—SHIR g

soilslutid As String):String

S

Figure E.3 Soil Paraneterization Use Case
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ModelServlet

parameterizeLC,

ModelParameterizationEJB

Figure E. 4 Land Cover

(LandCovRequest)

ModelParamWs
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getUsername():String

c
3
3
=~

-

\

processLandCover(topoParamSetld:String,

username:String, modelid:String, landCovLutID:String

Par amet eri zati on Use Case
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PerformSimulationServlet SimulationControllerEJB SequenceGeneratorEJB ModelFactory ser
T ] T
| 1 1
| create(request) | |
Lol (|

T

|

1

|

performSimulation( :

soilsParamsetld, l

landcovParamsetld, :

simName, :

simDesc, |

simControlParams, getSimld():String o |
user): Simulation 'U

1

.
| ot

create(simld, soilsParamsetld, Iand{:ovParamsetId,

»
simControlParams):ModelHactory =
getSimModellnput():SimModellnput -
P

getControlFile():ModelControlFile .
>

getSimModel():SimModel -

P

SimModel.performSimulation(simid,
controlFile, Modellnput):ModelOutput
Simulation

ModelOutput.loadDatalntoDatabase()

L

T

|

|

|
create(simid, simName, desc, sedYieldValue, totalRunoff_ !
totalRainfall):Simulation 'u

addSimuIatiion(SimuIations .

i |
i

updateMap() .

L

getResutsMaplnfo():MaplInfo >

|
|

Figure E.5 Perform Hydrol ogi c Sinmulation Use Case



LoadDataServlet

ProcessMgmtEJB

PerformSimulationEJB

create(request)

processMgmt(
mapMetaData,
mgmtPractices,
map,

getNewMgmtSystemld():String

T
[}
[}
.

SequenceGeneratorEJB

Figure E. 6 Perform Managenent Sinulation Use Case

user,
): Simulation

\

simulateMgmt(
soilsParamsetld,
landcovParamsetld,
simName,
simDesc,

mgmtSyslid,

pptReturnPer,

pptDuration,
): Simulation

T

create(simld, soilsParamsetld, landcovParamsetld,
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ModelFactory

[
simControlParams):ModelFactory =
getSimModellnput():SimModellnput -
L
getControlFile():ModelControlFile -
>
getSimModel():SimModel .
>

L

]

SimModel.performSimulation(simld,

controlFile, Modellnput):ModelOutput

Simulation

ModelOutput.loadDatalntoDatabase()

create(simid, simName, desc, sedYieldValue, totalRunof

o

totalRainfall):Simulation

¥
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Appendi x F: SDSS Met hodol ogy for
Si mul ati ng Range Managenent Practices

A managenent system specified by the user can consist of
any conbi nati on of managenent practices including sedinment
detention structures and pasture boundaries. Wthin each
past ure boundary, a managenent system contai ns water point

| ocations and attributes associated wth the delineated
pasture. These attributes include the stocking rate (the
nunber of cattle contained in the pasture), the condition
of the allotnent (excellent, good, fair, or poor), the type
of year which is used to estimte production (favorable,
normal , or unfavorable).

User defined paraneters for each pasture:
8§ Stocking Rate: Nunber of cattle per acre
8 Pasture condition: Excellent, Good, Fair, Poor
8 Type of year: Favorable, Normal, Unfavorable

SEDI MENT DETENTI ON STRUCTURES

The | ocation of the sedinent detention structure is
captured fromthe user through the application interface
and converted to a georeferenced point stored in the

dat abase. The contributing area is then conputed using a
G S and the contributing area is intersected with the
origi nal topographic delineation. The sedinent structure
contributing area is then renoved fromthe origina

t opographi ¢ delineation and the geonetric characteristics
for the new wat ershed contributing area are recal cul at ed.

Si nce the upland and channel el enents have been changed
fromthe original nodel paraneterization, the soil and | and
cover paraneterization nust be reconputed. However, the
interaction with the ot her managenent practices nust first
be determ ned.
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PASTURE MANAGEMENT

The | ocation of water points and pasture boundaries are
determ ned by the user through the interface. The water
poi nts and pasture boundaries delineated on the screen are
converted to georeferenced features and stored in the

dat abase. User defined attributes associated with each
pasture include stocking rate and pasture condition; the
type of year is stored as an attribute of the managenent
system

Li vestock distribution: The livestock distribution within
each pasture is controlled by the | ocation of water

sour ces, topography, and vegetation characteristics.
Vegetation characteristics are not currently included in
determning livestock distribution, however this

i nformati on shoul d be included prior to nmaking “real -worl d”
managenent deci si ons.

The out put fromthe pasture nmanagenent is a grid
illustrating the relative inpact of grazing (ungrazed,
light, noderate, and heavy) which is then used in the nodel
par anet eri zati on process.

MODEL PARAMETERI ZATI ON

| f sedinment detention structures are incorporated into the
managenent system the nodel paraneterization is conducted
usi ng the topographic delineation fromthe sedi nment

routi ne, otherw se, the original topographic delineation
W ll be used. The soils nodel paraneters values are

adj ust ed based on the grazing inpact grid calculated in the
pasture managenent routine specified above. Soils
hydraulic conductivity paraneters (Ks) are adjusted based
on data presented in the literature. The |and cover
paraneters (percent canopy, interception, Manning’ s n)
shoul d be adjusted using relationships derived fromthe
literature, however, these rel ationships were not

i nplenmented at this tine.

To adjust nodel paraneters for managenent systens w thout
sedi nent detention structures, the original topographic
paraneter file is converted to a GRID for each hydrol ogic
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paramnmeter that is going to be adjusted (Ks for exanple).
This nodel paranmeter GRID is then nodified based on the

rel ati onshi ps between grazing intensity and the paraneter.
The new adj usted paraneter value will be averaged over each
t opographic el enent, and the new sinulation is conduct ed.

Si nce the topographic delineation and el enent
characteristics change when sedi nent detention structures
are sinmul ated, the inclusion of sedinent detention
structures in the nodeling process requires an extra step.
Prior to converting the elenment values to a nodel paraneter
grid, the sedinent detention structure contributing area is
renoved fromthe watershed area.

A grazing intensity is classified using the foll ow ng
val ues:

— ungrazed

light grazing intensity

nmoderate grazing intensity

heavy grazing intensity

~rWONPR
(I

RECOMVENDATI ONS FOR | MPROVEMENTS:

Reconmendati ons for inproving the inclusion of nmanagenent
in the simulations are:

8 Include vegetation characteristics in addition to
wat er source di stance and topography to predict
i vestock distribution.

8 Include stocking rate and range condition in
determ ni ng reduction in nodel parameter val ues.

8 Adjust |and cover paraneters (interception capacity,
percent cover, Manning s roughness, etc.) based on
grazi ng i npact.

8§ Currently contributing areas to sedi nent detention
structures are renoved fromthe sinulation assum ng
that the structure never overflows. The detention
structure could be included in the nodel as a pond and
woul d overflow and contribute to the downstream
channel flow, a nore realistic scenario.



Appendi x G KI NEROS2 Par aneters for Watershed 11

G 1 Default KINEROS2 channel paraneters

Par anet er Nane Val ue
MAN 0. 035
Wool Yes
cv 0
DI ST 0. 545
FR 0.05, 0.05, 0.9
SS1 1
KSAT 210
POR 0. 44
SS2 1
G 101
ROCK 0"

SP 63
CCH 0. 005

G 2 KINEROS2 paraneters val ues derived from NALC i magery

Mesqui t e Whodl ands

I nt erception 1.15

Per cent Cover 20

Manni ngs N 0. 04
Gr assl ands

I nterception 2.00

Per cent Cover 25

Manni ngs N 0. 05
Desert Scrub

I nterception 3.00

Per cent Cover 10

Manni ngs N 0. 055
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G 3 KINEROS2 paraneters values for Watershed 11 derived
from STATSGO soils (Mapping unit AZ061)

Par anet er Nane Val ue
Pave 0
Spl ash 24.91
Rock 0.43
Ks 6.67
G 114. 97
Por 0. 459
Smax 0. 93
Cv 0.95
Sand 0.5
Silt 0. 33
d ay 0.16
D st 0.3
Cohesi on 0. 006



Appendi x H:

Chapter 5 Simulation Results

Table H 1 Sinmulated runoff vol une

Contri buti ng

Si nul at edbser ved

DEM Sour ce Ppﬂxizf”t RO Vol RO Vo
Area (% (mm (mm

SAR 2. 5M 1.5 08/ 25/ 84 0.41 0.38
SAR 2. 5M 1.5 07/17/ 85 6.97 1.66
SAR 2. 5M 1.5 06/ 24/ 86 1.20 0.38
SAR 2. 5M 1.5 07/ 15/ 86 0.76 0. 40
SAR 2. 5M 1.5 08/ 09/ 86 11.53  2.72
SAR 2. 5M 1.5 08/ 10/ 86 0. 00 0.78
SAR 2. 5M 1.5 08/ 14/ 86 1.72 2.45
SAR 2. 5M 1.5 08/ 17/ 86 1.32 2.89
SAR 2. 5M 1.5 08/ 29/ 86 7.83 7.82
SAR 2. 5M 1.5 08/ 03/ 88 0.06 2.00
SAR 2. 5M 1.5 08/ 20/ 88 0.15 0. 62
SAR 2. 5M 8 08/ 25/ 84 0.12 0.38
SAR 2. 5M 8 07/ 17/ 85 4.50 1.66
SAR 2. 5M 8 06/ 24/ 86 0.58 0.38
SAR 2. 5M 8 07/ 15/ 86 0.33 0. 40
SAR 2. 5M 8 08/ 09/ 86 8. 62 2.72
SAR 2. 5M 8 08/ 10/ 86 0. 00 0.78
SAR 2. 5M 8 08/ 14/ 86 0. 89 2. 45
SAR 2. 5M 8 08/ 17/ 86 0. 60 2.89
SAR 2. 5M 8 08/ 29/ 86 4.96 7.82
SAR 2. 5M 8 08/ 03/ 88 0.02 2.00
SAR 2. 5M 8 08/ 20/ 88 0.08 0. 62
SAR 2. 5M 15 08/ 25/ 84 0.09 0.38
SAR 2. 5M 15 07/17/ 85 3.82 1.66
SAR 2. 5M 15 06/ 24/ 86 0.45 0.38
SAR 2. 5M 15 07/ 15/ 86 0.21 0. 40
SAR 2. 5M 15 08/ 09/ 86 7.73 2.72
SAR 2. 5M 15 08/ 10/ 86 0. 00 0.78
SAR 2. 5M 15 08/ 14/ 86 0. 69 2. 45
SAR 2. 5M 15 08/ 17/ 86 0.37 2.89
SAR 2. 5M 15 08/ 29/ 86 4.29 7.82
SAR 2. 5M 15 08/ 03/ 88 0.05 2.00
SAR 2. 5M 15 08/ 20/ 88 0.06 0. 62
SAR 10M 1.5 08/ 25/ 84 0.27 0.38
SAR 10M 1.5 07/17/ 85 6.34 1.66
SAR 10M 1.5 06/ 24/ 86 0.92 0.38
SAR 10M 1.5 07/ 15/ 86 0.54 0. 40
SAR 10M 1.5 08/ 09/ 86 11.01  2.72
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SAR 10M 1.5 08/ 10/ 86 0. 00 0.78
SAR 10M 1.5 08/ 14/ 86 1.37 2.45
SAR 10M 1.5 08/ 17/ 86 0. 96 2.89
SAR 10M 1.5 08/ 29/ 86 7.13 7.82
SAR 10M 1.5 08/ 03/ 88 0. 03 2.00
SAR 10M 1.5 08/ 20/ 88 0.11 0. 62
SAR 10M 8 08/ 25/ 84 0.10 0. 38
SAR 10M 8 07/ 17/ 85 3.92 1. 66
SAR 10M 8 06/ 24/ 86 0. 47 0.38
SAR 10M 8 07/ 15/ 86 0.24 0. 40
SAR 10M 8 08/ 09/ 86 7.77 2.72
SAR 10M 8 08/ 10/ 86 0.00 0.78
SAR 10M 8 08/ 14/ 86 0.73 2.45
SAR 10M 8 08/ 17/ 86 0. 48 2.89
SAR 10M 8 08/ 29/ 86 4.32 7.82
SAR 10M 8 08/ 03/ 88 0.01 2.00
SAR 10M 8 08/ 20/ 88 0. 06 0.62
SAR 10M 15 08/ 25/ 84 0.10 0.38
SAR 10M 15 07/ 17/ 85 3.20 1.66
SAR 10M 15 06/ 24/ 86 0.35 0. 38
SAR 10M 15 07/ 15/ 86 0.18 0.40
SAR 10M 15 08/ 09/ 86 6. 81 2.72
SAR 10M 15 08/ 10/ 86 0. 00 0.78
SAR 10M 15 08/ 14/ 86 0. 58 2.45
SAR 10M 15 08/ 17/ 86 0.29 2.89
SAR 10M 15 08/ 29/ 86 3. 64 7.82
SAR 10M 15 08/ 03/ 88 0. 03 2.00
SAR 10M 15 08/ 20/ 88 0. 05 0. 62
USGS 10M 1.5 08/ 25/ 84 0.18 0. 38
USGS 10M 1.5 07/ 17/ 85 6.10 1.66
USGS 10M 1.5 06/ 24/ 86 0.77 0. 38
USGS 10M 1.5 07/ 15/ 86 0. 44 0.40
USGS 10M 1.5 08/ 09/ 86 10. 79 2.72
USGS 10M 1.5 08/ 10/ 86 0. 00 0.78
USGS 10M 1.5 08/ 14/ 86 1.19 2.45
USGS 10M 1.5 08/ 17/ 86 0.81 2.89
USGS 10M 1.5 08/ 29/ 86 6. 88 7.82
USGS 10M 1.5 08/ 03/ 88 0. 03 2.00
USGS 10M 1.5 08/ 20/ 88 0. 08 0. 62
USGS 10M 8 08/ 25/ 84 0. 07 0. 38
USGS 10M 8 07/ 17/ 85 3.10 1. 66
USGS 10M 8 06/ 24/ 86 0. 36 0.38
USGS 10M 8 07/ 15/ 86 0.18 0. 40
USGS 10M 8 08/ 09/ 86 6. 80 2.72
USGS 10M 8 08/ 10/ 86 0.00 0.78
USGS 10M 8 08/ 14/ 86 0. 57 2.45
USGS 10M 8 08/ 17/ 86 0.35 2.89
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USGS 10M 8 08/ 29/ 86 3. 69 7.82
USGS 10M 8 08/ 03/ 88 0.01 2.00
USGS 10M 8 08/ 20/ 88 0. 04 0.62
USGS 10M 15 08/ 25/ 84 0. 06 0. 38
USGS 10M 15 07/ 17/ 85 2.58 1. 66
USGS 10M 15 06/ 24/ 86 0. 26 0.38
USGS 10M 15 07/ 15/ 86 0.13 0. 40
USGS 10M 15 08/ 09/ 86 5.59 2.72
USGS 10M 15 08/ 10/ 86 0.00 0.78
USGS 10M 15 08/ 14/ 86 0. 44 2.45
USGS 10M 15 08/ 17/ 86 0.21 2.89
USGS 10M 15 08/ 29/ 86 2.93 7.82
USGS 10M 15 08/ 03/ 88 0.02 2.00
USGS 10M 15 08/ 20/ 88 0. 04 0.62
USGS 30M 1.5 08/ 25/ 84 0. 27 0. 38
USGS 30M 1.5 07/ 17/ 85 6. 25 1.66
USGS 30M 1.5 06/ 24/ 86 0. 88 0.38
USGS 30M 1.5 07/ 15/ 86 0.52 0. 40
USGS 30M 1.5 08/ 09/ 86 10.91 2.72
USGS 30M 1.5 08/ 10/ 86 0. 00 0.78
USGS 30M 1.5 08/ 14/ 86 1.36 2.45
USGS 30M 1.5 08/ 17/ 86 0.91 2.89
USGS 30M 1.5 08/ 29/ 86 7.03 7.82
USGS 30M 1.5 08/ 03/ 88 0.02 2.00
USGS 30M 1.5 08/ 20/ 88 0. 09 0.62
USGS 30M 8 08/ 25/ 84 0. 06 0.38
USGS 30M 8 07/ 17/ 85 2.96 1. 66
USGS 30M 8 06/ 24/ 86 0.34 0. 38
USGS 30M 8 07/ 15/ 86 0.18 0.40
USGS 30M 8 08/ 09/ 86 6. 54 2.72
USGS 30M 8 08/ 10/ 86 0.00 0.78
USGS 30M 8 08/ 14/ 86 0.54 2.45
USGS 30M 8 08/ 17/ 86 0.33 2.89
USGS 30M 8 08/ 29/ 86 3.53 7.82
USGS 30M 8 08/ 03/ 88 0.01 2.00
USGS 30M 8 08/ 20/ 88 0. 04 0. 62
USGS 30M 15 08/ 25/ 84 0. 06 0.38
USGS 30M 15 07/ 17/ 85 2.44 1. 66
USGS 30M 15 06/ 24/ 86 0.25 0. 38
USGS 30M 15 07/ 15/ 86 0.13 0.40
USGS 30M 15 08/ 09/ 86 5.30 2.72
USGS 30M 15 08/ 10/ 86 0.00 0.78
USGS 30M 15 08/ 14/ 86 0.42 2.45
USGS 30M 15 08/ 17/ 86 0. 20 2.89
USGS 30M 15 08/ 29/ 86 2.77 7.82
USGS 30M 15 08/ 03/ 88 0.02 2.00
USGS 30M 15 08/ 20/ 88 0. 04 0. 62
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WG 10M 1.5 08/ 25/ 84 0.25 0.38
WG 10M 1.5 07/ 17/ 85 6.21 1. 66
WG 10M 1.5 06/ 24/ 86 0.87 0.38
WG 10M 1.5 07/ 15/ 86 0.52 0.40
WG 10M 1.5 08/ 09/ 86 10. 87 2.72
WG 10M 1.5 08/ 10/ 86 0.00 0.78
WG 10M 1.5 08/ 14/ 86 1.33 2.45
WG 10M 1.5 08/ 17/ 86 0.91 2.89
WG 10M 1.5 08/ 29/ 86 7.01 7.82
WG 10M 1.5 08/ 03/ 88 0.03 2.00
WG 10M 1.5 08/ 20/ 88 0. 10 0.62
WG 10M 8 08/ 25/ 84 0. 08 0. 38
WG 10M 8 07/ 17/ 85 3.75 1.66
WG 10M 8 06/ 24/ 86 0. 43 0. 38
WG 10M 8 07/ 15/ 86 0.23 0. 40
WG 10M 8 08/ 09/ 86 7.47 2.72
WG 10M 8 08/ 10/ 86 0. 00 0.78
WG 10M 8 08/ 14/ 86 0. 69 2.45
WG 10M 8 08/ 17/ 86 0. 43 2.89
WG 10M 8 08/ 29/ 86 4.15 7.82
WG 10M 8 08/ 03/ 88 0.02 2.00
WG 10M 8 08/ 20/ 88 0. 06 0. 62
WG 10M 15 08/ 25/ 84 0. 07 0.38
WG 10M 15 07/ 17/ 85 3.03 1.66
WG 10M 15 06/ 24/ 86 0.32 0. 38
WG 10M 15 07/ 15/ 86 0.17 0.40
WG 10M 15 08/ 09/ 86 6.48 2.72
WG 10M 15 08/ 10/ 86 0. 00 0.78
WG 10M 15 08/ 14/ 86 0.54 2.45
WG 10M 15 08/ 17/ 86 0.27 2.89
WG 10M 15 08/ 29/ 86 3. 47 7.82
WG 10M 15 08/ 03/ 88 0. 03 2.00
WG 10M 15 08/ 20/ 88 0. 04 0. 62
SRTM 90M 8 08/ 25/ 84 0. 06 0. 38
SRTM 90M 8 07/ 17/ 85 2.52 1. 66
SRTM 90M 8 06/ 24/ 86 0.27 0.38
SRTM 90M 8 07/ 15/ 86 0.16 0. 40
SRTM 90M 8 08/ 09/ 86 5. 58 2.72
SRTM 90M 8 08/ 10/ 86 0.00 0.78
SRTM 90M 8 08/ 14/ 86 0. 47 2.45
SRTM 90M 8 08/ 17/ 86 0. 30 2.89
SRTM 90M 8 08/ 29/ 86 2.89 7.82
SRTM 90M 8 08/ 03/ 88 0.01 2.00
SRTM 90M 8 08/ 20/ 88 0. 04 0.62
SRTM 90M 15 08/ 25/ 84 0. 06 0. 38
SRTM 90M 15 07/ 17/ 85 2.00 1.66
SRTM 90M 15 06/ 24/ 86 0.20 0. 38
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SRTM 90M 15 07/ 15/ 86 0.12 0.40
SRTM 90M 15 08/ 09/ 86 4. 26 2.72
SRTM 90M 15 08/ 10/ 86 0. 00 0.78
SRTM 90M 15 08/ 14/ 86 0. 36 2.45
SRTM 90M 15 08/ 17/ 86 0. 20 2.89
SRTM 90M 15 08/ 29/ 86 2.32 7.82
SRTM 90M 15 08/ 03/ 88 0.01 2.00
SRTM 90M 15 08/ 20/ 88 0.03 0.62
Table H 2 Sinmul ated peak runoff
Contri buti ng Si mul at edObser ved
DEM Sour ce PPTDalfveent Peak Q Peak RO
Area (9 (nm hr) (rmm hr)
SAR 2. 5M 1.5 8/ 25/ 1984 0.58 0.70
SAR 2. 5M 1.5 7/ 17/ 1985 8.97 3.46
SAR 2. 5M 1.5 6/ 24/ 1986 1.91 0. 59
SAR 2. 5M 1.5 7/ 15/ 1986 1.03 0. 67
SAR 2. 5M 1.5 8/ 9/ 1986 15. 66 4.47
SAR 2. 5M 1.5 8/ 10/ 1986 0. 00 2.55
SAR 2. 5M 1.5 8/ 14/ 1986 2.64 3.06
SAR 2. 5M 1.5 8/ 17/ 1986 1.16 3.31
SAR 2. 5M 1.5 8/ 29/ 1986 10. 54 8.84
SAR 2. 5M 1.5 8/ 3/ 1988 0. 09 3.13
SAR 2. 5M 1.5 8/ 20/ 1988 0. 29 0. 69
SAR 2. 5M 8.0 8/ 25/ 1984 0.15 0.70
SAR 2. 5M 8.0 7/ 17/ 1985 4. 48 3.46
SAR 2. 5M 8.0 6/ 24/ 1986 0.83 0.59
SAR 2. 5M 8.0 7/ 15/ 1986 0. 44 0. 67
SAR 2. 5M 8.0 8/ 9/ 1986 7.98 4. 47
SAR 2. 5M 8.0 8/ 10/ 1986 0. 00 2.55
SAR 2. 5M 8.0 8/ 14/ 1986 1.17 3.06
SAR 2. 5M 8.0 8/ 17/ 1986 0.48 3.31
SAR 2. 5M 8.0 8/ 29/ 1986 5.15 8.84
SAR 2. 5M 8.0 8/ 3/ 1988 0.03 3.13
SAR 2. 5M 8.0 8/ 20/ 1988 0. 15 0. 69
SAR 2. 5M 15.0 8/ 25/ 1984 0.13 0.70
SAR 2. 5M 15.0 7/ 17/ 1985 3.44 3.46
SAR 2. 5M 15.0 6/ 24/ 1986 0.70 0. 59
SAR 2. 5M 15.0 7/ 15/ 1986 0. 27 0. 67
SAR 2. 5M 15.0 8/ 9/ 1986 5.98 4. 47
SAR 2. 5M 15.0 8/ 10/ 1986 0. 00 2.55
SAR 2. 5M 15.0 8/ 14/ 1986 0.94 3.06
SAR 2. 5M 15.0 8/ 17/ 1986 0. 36 3.31
SAR 2. 5M 15.0 8/ 29/ 1986 4.20 8.84
SAR 2. 5M 15.0 8/ 3/1988 0.10 3.13
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SAR 2. 5M 15.0 8/ 20/ 1988 0. 09 0. 69
SAR 10M 1.5 8/ 25/ 1984 0. 37 0.70
SAR 10M 1.5 7/ 17/ 1985 7.58 3. 46
SAR 10M 1.5 6/ 24/ 1986 1.35 0. 59
SAR 10M 1.5 7/ 15/ 1986 0.72 0. 67
SAR 10M 1.5 8/ 9/ 1986 13. 45 4. 47
SAR 10M 1.5 8/ 10/ 1986 0.00 2.55
SAR 10M 1.5 8/ 14/ 1986 1.96 3. 06
SAR 10M 1.5 8/ 17/ 1986 0.81 3.31
SAR 10M 1.5 8/ 29/ 1986 8.73 8. 84
SAR 10M 1.5 8/ 3/ 1988 0. 05 3.13
SAR 10M 1.5 8/ 20/ 1988 0. 16 0. 69
SAR 10M 8.0 8/ 25/ 1984 0.13 0.70
SAR 10M 8.0 7/ 17/ 1985 3.80 3. 46
SAR 10M 8.0 6/ 24/ 1986 0. 63 0.59
SAR 10M 8.0 7/ 15/ 1986 0.31 0. 67
SAR 10M 8.0 8/ 9/ 1986 6. 89 4.47
SAR 10M 8.0 8/ 10/ 1986 0. 00 2.55
SAR 10M 8.0 8/ 14/ 1986 0.93 3. 06
SAR 10M 8.0 8/ 17/ 1986 0.39 3.31
SAR 10M 8.0 8/ 29/ 1986 4. 27 8.84
SAR 10M 8.0 8/ 3/ 1988 0.01 3.13
SAR 10M 8.0 8/ 20/ 1988 0.11 0. 69
SAR 10M 15.0 8/ 25/ 1984 0.14 0.70
SAR 10M 15.0 7/ 17/ 1985 2.98 3. 46
SAR 10M 15.0 6/ 24/ 1986 0.52 0. 59
SAR 10M 15.0 7/ 15/ 1986 0.23 0. 67
SAR 10M 15.0 8/ 9/ 1986 5.26 4. 47
SAR 10M 15.0 8/ 10/ 1986 0.00 2.55
SAR 10M 15.0 8/ 14/ 1986 0.75 3. 06
SAR 10M 15.0 8/ 17/ 1986 0.29 3.31
SAR 10M 15.0 8/ 29/ 1986 3.58 8. 84
SAR 10M 15.0 8/ 3/ 1988 0.04 3.13
SAR 10M 15.0 8/ 20/ 1988 0. 06 0. 69
USGS 10M 1.5 8/ 25/ 1984 0.21 0.70
USGS 10M 1.5 7/ 17/ 1985 6. 98 3. 46
USGS 10M 1.5 6/ 24/ 1986 1.11 0. 59
USGS 10M 1.5 7/ 15/ 1986 0. 58 0. 67
USGS 10M 1.5 8/ 9/ 1986 12. 36 4. 47
USGS 10M 1.5 8/ 10/ 1986 0.00 2.55
USGS 10M 1.5 8/ 14/ 1986 1.71 3. 06
USGS 10M 1.5 8/ 17/ 1986 0. 69 3.31
USGS 10M 1.5 8/ 29/ 1986 8.02 8. 84
USGS 10M 1.5 8/ 3/ 1988 0. 06 3.13
USGS 10M 1.5 8/ 20/ 1988 0.10 0. 69
USGS 10M 8.0 8/ 25/ 1984 0.09 0.70
USGS 10M 8.0 7/ 17/ 1985 3.10 3. 46
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USGS 10M 8.0 6/ 24/ 1986 0. 43 0.59
USGS 10M 8.0 7/ 15/ 1986 0.22 0. 67
USGS 10M 8.0 8/ 9/ 1986 5.78 4. 47
USGS 10M 8.0 8/ 10/ 1986 0. 00 2.55
USGS 10M 8.0 8/ 14/ 1986 0.71 3. 06
USGS 10M 8.0 8/ 17/ 1986 0.28 3.31
USGS 10M 8.0 8/ 29/ 1986 3.59 8. 84
USGS 10M 8.0 8/ 3/ 1988 0.02 3.13
USGS 10M 8.0 8/ 20/ 1988 0.07 0. 69
USGS 10M 15.0 8/ 25/ 1984 0. 09 0.70
USGS 10M 15.0 7/ 17/ 1985 2.32 3. 46
USGS 10M 15.0 6/ 24/ 1986 0. 38 0.59
USGS 10M 15.0 7/ 15/ 1986 0.16 0. 67
USGS 10M 15.0 8/ 9/ 1986 4.10 4. 47
USGS 10M 15.0 8/ 10/ 1986 0. 00 2.55
USGS 10M 15.0 8/ 14/ 1986 0.56 3. 06
USGS 10M 15.0 8/ 17/ 1986 0.22 3.31
USGS 10M 15.0 8/ 29/ 1986 2.75 8. 84
USGS 10M 15.0 8/ 3/ 1988 0.02 3.13
USGS 10M 15.0 8/ 20/ 1988 0. 04 0. 69
USGS 30M 1.5 8/ 25/ 1984 0. 34 0. 70
USGS 30M 1.5 7/ 17/ 1985 7.76 3. 46
USGS 30M 1.5 6/ 24/ 1986 1.34 0.59
USGS 30M 1.5 7/ 15/ 1986 0. 69 0.67
USGS 30M 1.5 8/ 9/ 1986 13.83  4.47
USGS 30M 1.5 8/ 10/ 1986 0. 00 2.55
USGS 30M 1.5 8/ 14/ 1986 2.03 3. 06
USGS 30M 1.5 8/ 17/ 1986 0. 80 3.31
USGS 30M 1.5 8/ 29/ 1986 8. 92 8. 84
USGS 30M 1.5 8/ 3/ 1988 0.03 3.13
USGS 30M 1.5 8/ 20/ 1988 0.12 0. 69
USGS 30M 8.0 8/ 25/ 1984 0.08 0.70
USGS 30M 8.0 7/ 17/ 1985 2.87 3. 46
USGS 30M 8.0 6/ 24/ 1986 0. 44 0. 59
USGS 30M 8.0 7/ 15/ 1986 0.22 0. 67
USGS 30M 8.0 8/ 9/ 1986 5. 45 4,47
USGS 30M 8.0 8/ 10/ 1986 0. 00 2.55
USGS 30M 8.0 8/ 14/ 1986 0. 69 3. 06
USGS 30M 8.0 8/ 17/ 1986 0.28 3.31
USGS 30M 8.0 8/ 29/ 1986 3. 27 8. 84
USGS 30M 8.0 8/ 3/ 1988 0.01 3.13
USGS 30M 8.0 8/ 20/ 1988 0. 06 0. 69
USGS 30M 15.0 8/ 25/ 1984 0. 09 0.70
USGS 30M 15.0 7/ 17/ 1985 2.16 3. 46
USGS 30M 15.0 6/ 24/ 1986 0. 36 0.59
USGS 30M 15.0 7/ 15/ 1986 0.16 0. 67
USGS 30M 15.0 8/ 9/ 1986 3. 86 4. 47
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USGS 30M 15.0 8/ 10/ 1986 0. 00 2.55
USGS 30M 15.0 8/ 14/ 1986 0.53 3. 06
USGS 30M 15.0 8/ 17/ 1986 0.21 3.31
USGS 30M 15.0 8/ 29/ 1986 2.53 8. 84
USGS 30M 15.0 8/ 3/ 1988 0. 02 3.13
USGS 30M 15.0 8/ 20/ 1988 0. 04 0. 69
WG 10M 1.5 8/ 25/ 1984 0. 33 0.70
WG 10M 1.5 7/ 17/ 1985 7.41 3. 46
WG 10M 1.5 6/ 24/ 1986 1.32 0. 59
WG 10M 1.5 7/ 15/ 1986 0. 69 0.67
WG 10M 1.5 8/ 9/ 1986 13.11 4. 47
WG 10M 1.5 8/ 10/ 1986 0. 00 2.55
WG 10M 1.5 8/ 14/ 1986 1. 95 3. 06
WG 10M 1.5 8/ 17/ 1986 0.78 3.31
WG 10M 1.5 8/ 29/ 1986 8. 62 8. 84
WG 10M 1.5 8/ 3/ 1988 0. 06 3.13
WG 10M 1.5 8/ 20/ 1988 0. 14 0. 69
WG 10M 8.0 8/ 25/ 1984 0.09 0.70
WG 10M 8.0 7/ 17/ 1985 3. 66 3. 46
WG 10M 8.0 6/ 24/ 1986 0.58 0.59
WG 10M 8.0 7/ 15/ 1986 0. 29 0. 67
WG 10M 8.0 8/ 9/ 1986 6. 63 4. 47
WG 10M 8.0 8/ 10/ 1986 0. 00 2.55
WG 10M 8.0 8/ 14/ 1986 0. 88 3. 06
WG 10M 8.0 8/ 17/ 1986 0.35 3.31
WG 10M 8.0 8/ 29/ 1986 4.15 8. 84
WG 10M 8.0 8/ 3/ 1988 0.02 3.13
WG 10M 8.0 8/ 20/ 1988 0. 10 0. 69
WG 10M 15.0 8/ 25/ 1984 0. 10 0.70
WG 10M 15.0 7/ 17/ 1985 2.86 3. 46
WG 10M 15.0 6/ 24/ 1986 0. 48 0.59
WG 10M 15.0 7/ 15/ 1986 0.21 0.67
WG 10M 15.0 8/ 9/ 1986 5.04 4,47
WG 10M 15.0 8/ 10/ 1986 0. 00 2.55
WG 10M 15.0 8/ 14/ 1986 0. 69 3. 06
WG 10M 15.0 8/ 17/ 1986 0.27 3.31
WG 10M 15.0 8/ 29/ 1986 3. 46 8. 84
WG 10M 15.0 8/ 3/ 1988 0. 04 3.13
WG 10M 15.0 8/ 20/ 1988 0. 05 0. 69
SRTM 90M 8.0 8/ 25/ 1984 0.08 0.70
SRTM 90M 8.0 7/ 17/ 1985 2.43 3. 46
SRTM 90M 8.0 6/ 24/ 1986 0. 35 0.59
SRTM 90M 8.0 7/ 15/ 1986 0.18 0. 67
SRTM 90M 8.0 8/ 9/ 1986 4.63 4,47
SRTM 90M 8.0 8/ 10/ 1986 0. 00 2.55
SRTM 90M 8.0 8/ 14/ 1986 0.58 3. 06
SRTM 90M 8.0 8/ 17/ 1986 0.23 3.31
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SRTM 90M 8.0 8/ 29/ 1986 2. 80 8.84
SRTM 90M 8.0 8/ 3/ 1988 0.01 3.13
SRTM 90M 8.0 8/ 20/ 1988 0. 05 0. 69
SRTM 90M 15.0 8/ 25/ 1984 0. 07 0.70
SRTM 90M 15.0 7/ 17/ 1985 1.85 3. 46
SRTM 90M 15.0 6/ 24/ 1986 0.29 0.59
SRTM 90M 15.0 7/ 15/ 1986 0.15 0. 67
SRTM 90M 15.0 8/ 9/ 1986 3.34 4. 47
SRTM 90M 15.0 8/ 10/ 1986 0. 00 2.55
SRTM 90M 15.0 8/ 14/ 1986 0. 46 3. 06
SRTM 90M 15.0 8/ 17/ 1986 0.19 3.31
SRTM 90M 15.0 8/ 29/ 1986 2.22 8. 84
SRTM 90M 15.0 8/ 3/ 1988 0.02 3.13
SRTM 90M 15.0 8/ 20/ 1988 0. 04 0. 69
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Table |1.1. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 1.5%contributing source area and a 5 year return
period, 30 mnute duration rainfall event.

DEM Nane Management System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 6 2.339 tons/ ha 1
| FSAR 2. 5M Managenment System 2 2.730 tons/ ha 2
| FSAR 2. 5M Managenment System 3 3.414 tons/ ha 3
| FSAR 2. 5M Managenment System 4 3.591 tons/ ha 4
| FSAR 2. 5M Management System 1 3.673 tons/ ha 5
| FSAR 2. 5M Managenment System 5 3.760 tons/ ha 6
| FSAR 10M Managenment System 1 0. 535 tons/ ha 1
| FSAR 10M Management System 6 0. 649 tons/ ha 2
| FSAR 10M Managemnment System 3 0. 821 tons/ ha 3
| FSAR 10M Managenment System 5 0. 830 tons/ ha 4
| FSAR 10M Managenment System 2 0. 853 tons/ ha 5
| FSAR 10M Managenment System 4 0. 976 tons/ ha 6

USGS 10M Managemnment System 6 0. 205 tons/ ha 1

USGS 10M Managenent System 2 0. 270 tons/ ha 2

USGS 10M Managenment System 4 0. 325 tons/ ha 3

USGS 10M Management System 1 0. 353 tons/ ha 4

USGS 10M Managenent System 3 0. 402 tons/ ha 5

USGS 10M Managenent System 5 0.437 tons/ ha 6

USGS 30M Managemnment System 6 0.151 tons/ ha 1

USGS 30M Management System 1 0. 320 tons/ ha 2

USGS 30M Managenent System 5 0. 335 tons/ ha 3

USGS 30M Managenent System 3 0.373 tons/ ha 4

USGS 30M Managenent System 4 0. 403 tons/ ha 5

USGS 30M Managemnment System 2 0.618 tons/ ha 6

WG 10M Managenent System 6 0. 408 tons/ ha 1
WG 10M Managenment System 1 0. 586 tons/ ha 2
WG 10M Managemnment System 2 0. 594 tons/ ha 3
WG 10M Managenment System 4 0.763 tons/ ha 4
WG 10M Managenment System 3 0.777 tons/ ha 5
WG 10M Managenment System 5 0.789 tons/ ha 6
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Table |1.2. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 1.5%contributing source area and a 5 year return
period, 60 mnute duration rainfall event.

DEM Nane Management System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 6 6. 697 tons/ ha 1
| FSAR 2. 5M Managenment System 2 7.691 tons/ ha 2
| FSAR 2. 5M Managenment System 4 10.499 tons/ha 3
| FSAR 2. 5M Management System 1 10.500 tons/ha 4
| FSAR 2. 5M Management System 5 11.242 tons/ha 5
| FSAR 2. 5M Managenment System 3 12.198 tons/ha 6
| FSAR 10M Managenment System 6 3.978 tons/ ha 1
| FSAR 10M Management System 1 4,926 tons/ ha 2
| FSAR 10M Managemnment System 2 5.919 tons/ ha 3
| FSAR 10M Managenment System 5 6. 509 tons/ ha 4
| FSAR 10M Managenment System 4 7.442 tons/ ha 5
| FSAR 10M Managemnment System 3 8. 767 tons/ ha 6

USGS 10M Managemnment System 6 1.907 tons/ ha 1

USGS 10M Managenent System 1 2.567 tons/ ha 2

USGS 10M Managemnment System 2 2.761 tons/ ha 3

USGS 10M Management System 5 2.840 tons/ ha 4

USGS 10M Managenent System 3 3.614 tons/ ha 5

USGS 10M Managenent System 4 3.641 tons/ ha 6

USGS 30M Managemnment System 6 1.636 tons/ ha 1

USGS 30M Managemnment System 5 3.013 tons/ ha 2

USGS 30M Managenent System 2 3.139 tons/ ha 3

USGS 30M Managenment System 1 3.437 tons/ ha 4

USGS 30M Management System 3 4,336 tons/ ha 5

USGS 30M Managenent System 4 4.419 tons/ ha 6

WG 10M Managenment System 6 2.529 tons/ ha 1
WG 10M Managenment System 1 3.811 tons/ ha 2
WG 10M Managemnment System 5 4. 496 tons/ ha 3
WG 10M Managemnment System 2 4,984 tons/ ha 4
WG 10M Managenment System 4 6. 766 tons/ ha 5
WG 10M Managenment System 3 7.263 tons/ ha 6
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Table |1.3. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 1.5%contributing source area and a 10 year return
period, 30 mnute duration rainfall event.

DEM Nane Managenment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 5 12.18 tons/ ha 1
| FSAR 2. 5M Managenment System 3 14.18 tons/ ha 2
| FSAR 2. 5M Managenment System 2 19. 40 tons/ ha 3
| FSAR 2. 5M Managemnment System 6 21.03 tons/ ha 4
| FSAR 2. 5M Management System 1 27.77 tons/ ha 5
| FSAR 2. 5M Managenment System 4 29. 43 tons/ ha 6
| FSAR 10M Managenment System 6 8.99 tons/ ha 1
| FSAR 10M Managemnment System 3 11.45 tons/ ha 2
| FSAR 10M Managenment System 4 11.83 tons/ ha 3
| FSAR 10M Managenment System 5 12. 62 tons/ ha 4
| FSAR 10M Managenment System 1 13.73 tons/ ha 5
| FSAR 10M Managemnment System 2 14.73 tons/ ha 6

USGS 10M Managemnment System 2 5.37 tons/ ha 1

USGS 10M Managenent System 6 6. 33 tons/ ha 2

USGS 10M Managemnment System 3 6.61 tons/ ha 3

USGS 10M Management System 5 6. 76 tons/ ha 4

USGS 10M Managenent System 1 8.21 tons/ ha 5

USGS 10M Managenent System 4 8.43 tons/ ha 6

USGS 30M Managemnment System 2 3.94 tons/ ha 1

USGS 30M Managemnment System 5 7.32 tons/ ha 2

USGS 30M Managenent System 6 7.90 tons/ ha 3

USGS 30M Managenent System 3 8. 05 tons/ ha 4

USGS 30M Managenent System 4 9. 69 tons/ ha 5

USGS 30M Managemnment System 1 10. 59 tons/ ha 6

WG 10M Managenment System 5 7.81 tons/ ha 1
WG 10M Managenment System 6 7.95 tons/ ha 2
WG 10M Managemnment System 3 8. 25 tons/ ha 3
WG 10M Managemnment System 2 8.61 tons/ ha 4
WG 10M Managenment System 1 9.12 tons/ ha 5
WG 10M Managenment System 4 9. 60 tons/ ha 6
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Table |1.4. Managenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 1.5%contributing source area and a 10 year return
period, 60 mnute duration rainfall event.

DEM Nane Managenment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Managenent System 4 37.074 tons/ha 1
| FSAR 2. 5M Managenment System 6 42.398 tons/ha 2
| FSAR 2. 5M Managenment System 3 43.350 tons/ha 3
| FSAR 2. 5M Management System 5 44,495 tons/ha 4
| FSAR 2. 5M Management System 1 47.399 tons/ha 5
| FSAR 2. 5M Managenment System 2 50.510 tons/ha 6
| FSAR 10M Managenment System 2 23.190 tons/ha 1
| FSAR 10M Management System 6 24.601 tons/ha 2
| FSAR 10M Management System 1 26.233 tons/ha 3
| FSAR 10M Managenment System 4 27.173 tons/ha 4
| FSAR 10M Managenment System 5 28.343 tons/ha 5
| FSAR 10M Managemnment System 3 30.745 tons/ha 6

USGS 10M Managemnment System 6 8. 751 tons/ ha 1

USGS 10M Managenent System 1 8.876 tons/ ha 2

USGS 10M Managemnment System 2 9. 956 tons/ ha 3

USGS 10M Managenment System 4 12.203 tons/ha 4

USGS 10M Managenent System 3 13.708 tons/ha 5

USGS 10M Managenent System 5 14.956 tons/ha 6

USGS 30M Managemnment System 6 7. 305 tons/ ha 1

USGS 30M Managenent System 4 10.458 tons/ha 2

USGS 30M Managenent System 1 11.664 tons/ha 3

USGS 30M Managenent System 5 11.869 tons/ha 4

USGS 30M Management System 3 12.768 tons/ha 5

USGS 30M Managemnment System 2 13.276 tons/ha 6

WG 10M Managenent System 2 14.518 tons/ha 1
WG 10M Managenment System 6 17.867 tons/ha 2
WG 10M Management System 1 17.980 tons/ha 3
WG 10M Managemnment System 3 18.313 tons/ha 4
WG 10M Managenment System 4 21.643 tons/ha 5
WG 10M Managenment System 5 22.329 tons/ha 6
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Table |1.5. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 1.5%contributing source area and a 100 year return
period, 30 mnute duration rainfall event.

DEM Nane Managenment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 6 41.618 tons/ha 1
| FSAR 2. 5M Managenment System 2 50.061 tons/ha 2
| FSAR 2. 5M Managenment System 1 50. 657 tons/ha 3
| FSAR 2. 5M Managenment System 4 51.976 tons/ha 4
| FSAR 2. 5M Management System 5 53.469 tons/ha 5
| FSAR 2. 5M Managenment System 3 55. 757 tons/ha 6
| FSAR 10M Managenment System 5 35.076 tons/ha 1
| FSAR 10M Managemnment System 3 36.415 tons/ha 2
| FSAR 10M Management System 1 42.586 tons/ha 3
| FSAR 10M Managenment System 4 44,022 tons/ha 4
| FSAR 10M Managenment System 2 49.613 tons/ha 5
| FSAR 10M Management System 6 54.442 tons/ha 6

USGS 10M Managemnment System 2 23.852 tons/ha 1

USGS 10M Managenent System 5 26.018 tons/ha 2

USGS 10M Managemnment System 3 26. 647 tons/ha 3

USGS 10M Management System 1 27.089 tons/ha 4

USGS 10M Managenent System 6 28.468 tons/ ha 5

USGS 10M Managenent System 4 33.705 tons/ha 6

USGS 30M Managemnment System 6 20.587 tons/ha 1

USGS 30M Management System 1 21.276 tons/ha 2

USGS 30M Managenent System 4 23.249 tons/ha 3

USGS 30M Managenent System 5 30.428 tons/ha 4

USGS 30M Managemnment System 2 31.588 tons/ha 5

USGS 30M Managemnment System 3 33.548 tons/ha 6

WG 10M Managenment System 1 31.190 tons/ha 1
WG 10M Managenment System 6 33.065 tons/ha 2
WG 10M Managenment System 4 38.627 tons/ha 3
WG 10M Managemnment System 2 40.302 tons/ha 4
WG 10M Managenment System 3 41.697 tons/ha 5
WG 10M Managenment System 5 42.322 tons/ha 6
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Table |1.6. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 1.5%contributing source area and a 100 year return
period, 60 mnute duration rainfall event.

DEM Nane Managenment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 6 87.570 tons/ha 1
| FSAR 2. 5M Managenment System 4 96. 102 tons/ha 2
| FSAR 2. 5M Managenment System 3 96.837 tons/ha 3
| FSAR 2. 5M Management System 5 100. 249 tons/ha 4
| FSAR 2. 5M Managemnment System 2 109. 285 tons/ha 5
| FSAR 2. 5M Managenment System 1 124.325 tons/ha 6
| FSAR 10M Managenment System 6 67.686 tons/ha 1
| FSAR 10M Management System 5 71.614 tons/ha 2
| FSAR 10M Management System 1 74.436 tons/ha 3
| FSAR 10M Managenment System 3 84.789 tons/ha 4
| FSAR 10M Managenment System 2 88.375 tons/ha 5
| FSAR 10M Managenment System 4 92.431 tons/ha 6

USGS 10M Managemnment System 2 37.798 tons/ha 1

USGS 10M Managenent System 3 37.824 tons/ha 2

USGS 10M Management System 6 40.701 tons/ha 3

USGS 10M Management System 1 41.003 tons/ha 4

USGS 10M Managenent System 5 44,133 tons/ha 5

USGS 10M Managenent System 4 46.571 tons/ha 6

USGS 30M Managemnment System 6 23.262 tons/ha 1

USGS 30M Management System 1 23.897 tons/ha 2

USGS 30M Managenent System 4 26. 761 tons/ ha 3

USGS 30M Managenent System 3 27.831 tons/ha 4

USGS 30M Managemnment System 2 28.995 tons/ha 5

USGS 30M Management System 5 31.347 tons/ha 6

WG 10M Managenment System 6 39.730 tons/ha 1
WG 10M Managenent System 3 46.231 tons/ha 2
WG 10M Managemnment System 5 48.665 tons/ha 3
WG 10M Managenment System 4 50. 783 tons/ha 4
WG 10M Managenment System 2 53.877 tons/ha 5
WG 10M Managenment System 1 55.107 tons/ha 6
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Table |.7. Managenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 8% contributing source area and a 5 year return

period, 30 mnute duration rainfall event.

Sedi nent . .

DEM Nane Management System Yi el d Units Ranking
| FSAR 2. 5M Managemnment System 6 0.542 tons/ ha 1
| FSAR 2. 5M Managenment System 2 0.767 tons/ha 2
| FSAR 2. 5M Managenment System 1 0.857 tons/ha 3
| FSAR 2. 5M Managenment System 4 0.913 tons/ ha 4
| FSAR 2. 5M Management System 3 1.073 tons/ ha 5
| FSAR 2. 5M Managenment System 5 1.115 tons/ha 6
| FSAR 10M Managenment System 1 0.115 tons/ha 1
| FSAR 10M Management System 6 0.174 tons/ ha 2
| FSAR 10M Management System 5 0. 203 tons/ ha 3
| FSAR 10M Managenment System 2 0.242 tons/ha 4
| FSAR 10M Managenment System 3 0.266 tons/ha 5
| FSAR 10M Managenment System 4 0. 328 tons/ ha 6
USGS 10M Managemnment System 6 0. 028 tons/ ha 1
USGS 10M Managenent System 2 0. 039 tons/ ha 2
USGS 10M Management System 1 0. 051 tons/ ha 3
USGS 10M Managenment System 4 0. 059 tons/ ha 4
USGS 10M Managenent System 5 0. 086 tons/ ha 5
USGS 10M Managenent System 3 0. 094 tons/ ha 6
USGS 30M Managemnment System 6 0. 037 tons/ ha 1
USGS 30M Managemnment System 2 0. 054 tons/ ha 2
USGS 30M Managenent System 1 0. 063 tons/ ha 3
USGS 30M Managenment System 4 0.072 tons/ ha 4
USGS 30M Management System 5 0. 082 tons/ ha 5
USGS 30M Managemnment System 3 0. 090 tons/ ha 6
WG 10M Managenment System 6 0.079 tons/ha 1
WG 10M Managenment System 5 0.096 tons/ha 2
WG 10M Management System 1 0.124 tons/ ha 3
WG 10M Managemnment System 2 0.125 tons/ ha 4
WG 10M Managenment System 3 0.131 tons/ha 5
WG 10M Managenment System 4 0.176 tons/ha 6
SRTM 90M Managemnment System 6 0. 019 tons/ ha 1
SRTM 90M Managenment System 2 0.019 tons/ha 2
SRTM 90M Managenment System 1 0.023 tons/ha 3
SRTM 90M Managenent System 4 0. 035 tons/ ha 4
SRTM 90M Management System 3 0.076 tons/ ha 5
SRTM 90M Managenment System 5 0.097 tons/ha 6




287

Table 1.8. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 8% contributing source area and a 5 year return

period, 60 mnute duration rainfall event.

Sedi nent . .

DEM Nane Management System Yi el d Units Ranking
| FSAR 2. 5M Managemnment System 6 2.873 tons/ ha 1
| FSAR 2. 5M Managenment System 2 3.422 tons/ha 2
| FSAR 2. 5M Managenment System 1 4.167 tons/ha 3
| FSAR 2. 5M Management System 5 4,522 tons/ ha 4
| FSAR 2. 5M Managenent System 4 4,538 tons/ ha 5
| FSAR 2. 5M Managenment System 3 4.905 tons/ha 6
| FSAR 10M Managenment System 6 1.868 tons/ha 1
| FSAR 10M Managemnment System 2 2.171 tons/ ha 2
| FSAR 10M Management System 1 2.671 tons/ ha 3
| FSAR 10M Managenment System 5 2.886 tons/ha 4
| FSAR 10M Managenment System 4 2.918 tons/ha 5
| FSAR 10M Managemnment System 3 3.139 tons/ ha 6
USGS 10M Managemnment System 6 0. 954 tons/ ha 1
USGS 10M Managenment System 2 1.162 tons/ ha 2
USGS 10M Management System 1 1.370 tons/ ha 3
USGS 10M Managenment System 4 1.501 tons/ ha 4
USGS 10M Managenent System 5 1.534 tons/ ha 5
USGS 10M Managenent System 3 1.678 tons/ ha 6
USGS 30M Managemnment System 6 0. 799 tons/ ha 1
USGS 30M Managemnment System 2 0.984 tons/ ha 2
USGS 30M Managenent System 1 1.194 tons/ ha 3
USGS 30M Managenment System 4 1.320 tons/ ha 4
USGS 30M Management System 5 1. 360 tons/ ha 5
USGS 30M Managemnment System 3 1.489 tons/ ha 6
WG 10M Managenent System 6 1.384 tons/ ha 1
WG 10M Managenent System 2 1. 648 tons/ ha 2
WG 10M Management System 1 1.948 tons/ ha 3
WG 10M Managenment System 4 2.152 tons/ ha 4
WG 10M Managenment System 5 2.153 tons/ha 5
WG 10M Managenment System 3 2.310 tons/ha 6
SRTM 90M Managemnment System 6 0. 180 tons/ ha 1
SRTM 90M Managenment System 2 0.237 tons/ha 2
SRTM 90M Managenment System 1 0.277 tons/ha 3
SRTM 90M Managenent System 4 0. 305 tons/ ha 4
SRTM 90M Management System 5 0. 315 tons/ ha 5
SRTM 90M Managenment System 3 0.354 tons/ha 6
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Table 1.9. Mnagenent system rankings using sedinent yield
predi ctions from Watershed 11 for sinulations perforned
with a 8% contributing source area and a 10 year return

period, 30 mnute duration rainfall event.

Sedi nent . .

DEM Nane Management System Yi el d Units Ranking
| FSAR 2. 5M Management System 5 5.437 tons/ ha 1
| FSAR 2. 5M Managenment System 2 9. 336 tons/ ha 2
| FSAR 2. 5M Managenment System 1 9. 407 tons/ ha 3
| FSAR 2. 5M Managemnment System 6 10.604 tons/ha 4
| FSAR 2. 5M Managenent System 4 11.386 tons/ha 5
| FSAR 2. 5M Managenment System 3 11.408 tons/ha 6
| FSAR 10M Managenment System 2 2.823 tons/ ha 1
| FSAR 10M Management System 6 5.894 tons/ ha 2
| FSAR 10M Managemnment System 3 7.910 tons/ ha 3
| FSAR 10M Managenment System 1 8. 089 tons/ ha 4
| FSAR 10M Managenment System 5 8. 599 tons/ ha 5
| FSAR 10M Managenment System 4 8. 605 tons/ ha 6
USGS 10M Managemnment System 6 1.970 tons/ ha 1
USGS 10M Managenment System 4 2.077 tons/ ha 2
USGS 10M Management System 5 2.121 tons/ ha 3
USGS 10M Managemnment System 3 2. 258 tons/ ha 4
USGS 10M Managenent System 2 2.486 tons/ ha 5
USGS 10M Managenent System 1 3.215 tons/ ha 6
USGS 30M Managemnment System 2 1.663 tons/ ha 1
USGS 30M Managenent System 4 1.981 tons/ ha 2
USGS 30M Managenent System 5 2.044 tons/ ha 3
USGS 30M Managenment System 3 2.175 tons/ ha 4
USGS 30M Management System 1 2.407 tons/ ha 5
USGS 30M Managemnment System 6 2.514 tons/ ha 6
WG 10M Managenment System 6 3.619 tons/ ha 1
WG 10M Managenent System 4 3.995 tons/ ha 2
WG 10M Managemnment System 2 4. 265 tons/ ha 3
WG 10M Management System 1 6.618 tons/ ha 4
WG 10M Managenment System 3 6. 689 tons/ ha 5
WG 10M Managenment System 5 9. 487 tons/ ha 6
SRTM 90M Managemnment System 2 0. 321 tons/ ha 1
SRTM 90M Managenment System 1 0. 361 tons/ ha 2
SRTM 90M Managenent System 5 0. 395 tons/ ha 3
SRTM 90M Management System 3 0. 420 tons/ ha 4
SRTM 90M Managenent System 4 0. 523 tons/ ha 5
SRTM 90M Managenment System 6 1.191 tons/ ha 6
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Tabl e 1.10. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 8% contributing source area and a 10 year

return period, 60 mnute duration rainfall event.
DEM Nane Managemnment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 6 8. 259 tons/ ha 1
| FSAR 2. 5M Managenment System 2 9. 149 tons/ ha 2
| FSAR 2. 5M Managenment System 4 10.968 tons/ha 3
| FSAR 2. 5M Management System 3 22.883 tons/ha 4
| FSAR 2. 5M Management System 5 23.020 tons/ha 5
| FSAR 2. 5M Managenment System 1 30.971 tons/ha 6
| FSAR 10M Managenment System 6 5. 386 tons/ ha 1
| FSAR 10M Managenment System 4 7.157 tons/ ha 2
| FSAR 10M Managemnment System 2 8. 528 tons/ ha 3
| FSAR 10M Managenment System 5 12. 030 tons/ha 4
| FSAR 10M Managenment System 1 14.788 tons/ha 5
| FSAR 10M Managemnment System 3 15.538 tons/ha 6
USGS 10M Managemnment System 6 3. 996 tons/ ha 1
USGS 10M Managenent System 1 5.010 tons/ ha 2
USGS 10M Managemnment System 2 6. 898 tons/ ha 3
USGS 10M Management System 5 7. 300 tons/ ha 4
USGS 10M Managenent System 3 7.408 tons/ ha 5
USGS 10M Managenent System 4 8. 239 tons/ ha 6
USGS 30M Managemnment System 1 3. 805 tons/ ha 1
USGS 30M Managemnment System 6 3. 806 tons/ ha 2
USGS 30M Managenent System 4 5. 062 tons/ ha 3
USGS 30M Managenment System 2 5.478 tons/ ha 4
USGS 30M Management System 5 5.525 tons/ ha 5
USGS 30M Managemnment System 3 5.675 tons/ ha 6
WG 10M Managenent System 4 5.262 tons/ ha 1
WG 10M Managenent System 2 6. 294 tons/ ha 2
WG 10M Managemnment System 5 7. 407 tons/ ha 3
WG 10M Managemnment System 3 7.681 tons/ ha 4
WG 10M Managenment System 1 9. 094 tons/ ha 5
WG 10M Managenment System 6 10.440 tons/ha 6
SRTM 90M Managemnment System 6 0.615 tons/ ha 1
SRTM 90M Managenment System 2 0. 692 tons/ ha 2
SRTM 90M Managenment System 1 0.771 tons/ ha 3
SRTM 90M Managenent System 4 0.814 tons/ ha 4
SRTM 90M Management System 5 0. 838 tons/ ha 5
SRTM 90M Managenment System 3 0.878 tons/ ha 6
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Table |1.11. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 8% contributing source area and a 100 year

return period, 30 mnute duration rainfall event.
DEM Nane Management System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Managemnment System 2 21.678 tons/ha 1
| FSAR 2. 5M Managenment System 4 24.499 tons/ha 2
| FSAR 2. 5M Managenment System 6 31.818 tons/ha 3
| FSAR 2. 5M Management System 1 46. 227 tons/ha 4
| FSAR 2. 5M Management System 3 49. 314 tons/ha 5
| FSAR 2. 5M Managenment System 5 62.867 tons/ha 6
| FSAR 10M Managenment System 5 16. 153 tons/ha 1
| FSAR 10M Managemnment System 3 23.406 tons/ha 2
| FSAR 10M Management System 1 23.476 tons/ha 3
| FSAR 10M Managenment System 4 24.022 tons/ha 4
| FSAR 10M Managenment System 6 26.792 tons/ha 5
| FSAR 10M Managemnment System 2 34.801 tons/ha 6
USGS 10M Management System 1 9. 482 tons/ ha 1
USGS 10M Managenent System 5 9. 963 tons/ ha 2
USGS 10M Management System 6 10.430 tons/ha 3
USGS 10M Managemnment System 2 14.164 tons/ha 4
USGS 10M Managenent System 4 16.047 tons/ha 5
USGS 10M Managenent System 3 16.352 tons/ha 6
USGS 30M Managemnment System 1 7.454 tons/ ha 1
USGS 30M Managemnment System 5 7.897 tons/ ha 2
USGS 30M Managenent System 2 8. 698 tons/ ha 3
USGS 30M Managenent System 4 9.625 tons/ ha 4
USGS 30M Managemnment System 6 10.694 tons/ha 5
USGS 30M Managemnment System 3 11.178 tons/ha 6
WG 10M Managenment System 2 13.832 tons/ha 1
WG 10M Management System 1 14.971 tons/ha 2
WG 10M Managenment System 4 15.394 tons/ha 3
WG 10M Managemnment System 6 17.396 tons/ha 4
WG 10M Managenment System 3 18.453 tons/ha 5
WG 10M Managenment System 5 20. 855 tons/ha 6
SRTM 90M Management System 5 2.538 tons/ ha 1
SRTM 90M Managenment System 3 2. 605 tons/ ha 2
SRTM 90M Managenment System 6 4. 165 tons/ ha 3
SRTM 90M Managemnment System 2 4,808 tons/ ha 4
SRTM 90M Management System 1 4. 900 tons/ ha 5
SRTM 90M Managenment System 4 5.162 tons/ ha 6
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Table |1.12. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 8% contributing source area and a 100 year

return period, 60 mnute duration rainfall event.
DEM Nane Management System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 5 47.241 tons/ha 1
| FSAR 2. 5M Managenment System 4 56.822 tons/ha 2
| FSAR 2. 5M Managenment System 3 84.155 tons/ha 3
| FSAR 2. 5M Managemnment System 6 85.704 tons/ha 4
| FSAR 2. 5M Managemnment System 2 86.374 tons/ha 5
| FSAR 2. 5M Managenment System 1 94.406 tons/ha 6
| FSAR 10M Managenment System 1 30.630 tons/ha 1
| FSAR 10M Management System 6 37.281 tons/ha 2
| FSAR 10M Managemnment System 2 38.881 tons/ha 3
| FSAR 10M Managenment System 4 42. 426 tons/ha 4
| FSAR 10M Managenment System 5 42.792 tons/ha 5
| FSAR 10M Managemnment System 3 43.151 tons/ha 6
USGS 10M Managenent System 4 18.993 tons/ha 1
USGS 10M Managenent System 5 19.330 tons/ha 2
USGS 10M Managemnment System 3 19.628 tons/ha 3
USGS 10M Management System 1 21.316 tons/ha 4
USGS 10M Managenent System 6 26.503 tons/ha 5
USGS 10M Managenent System 2 26.912 tons/ha 6
USGS 30M Managemnment System 2 15.904 tons/ha 1
USGS 30M Management System 1 16.933 tons/ha 2
USGS 30M Managenent System 4 17.340 tons/ha 3
USGS 30M Managenment System 6 19.874 tons/ha 4
USGS 30M Management System 3 20.791 tons/ha 5
USGS 30M Management System 5 25.651 tons/ha 6
WG 10M Managenment System 3 23.569 tons/ha 1
WG 10M Managenent System 2 26.694 tons/ha 2
WG 10M Management System 1 28.359 tons/ha 3
WG 10M Managemnment System 6 31.805 tons/ha 4
WG 10M Managenment System 5 34.280 tons/ha 5
WG 10M Managenment System 4 44,343 tons/ ha 6
SRTM 90M Management System 5 4,212 tons/ ha 1
SRTM 90M Managenent System 3 4. 287 tons/ ha 2
SRTM 90M Managenment System 6 8. 256 tons/ ha 3
SRTM 90M Managemnment System 2 9. 058 tons/ ha 4
SRTM 90M Management System 1 9. 370 tons/ ha 5
SRTM 90M Managenment System 4 9. 660 tons/ ha 6
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Table 1.13. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 15% contri buting source area and a 5 year

return period, 30 mnute duration rainfall event.
DEM Nane Managemnment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Managemnment System 6 0.718 tons/ ha 1
| FSAR 2. 5M Managenment System 1 1.017 tons/ha 2
| FSAR 2. 5M Managenment System 2 1.031 tons/ha 3
| FSAR 2. 5M Managenment System 4 1.076 tons/ ha 4
| FSAR 2. 5M Management System 5 1.431 tons/ ha 5
| FSAR 2. 5M Managenment System 3 1.649 tons/ha 6
| FSAR 10M Managenment System 1 0.230 tons/ha 1
| FSAR 10M Management System 6 0. 268 tons/ ha 2
| FSAR 10M Managemnment System 2 0. 356 tons/ ha 3
| FSAR 10M Managenment System 4 0.463 tons/ha 4
| FSAR 10M Managenment System 5 0.549 tons/ha 5
| FSAR 10M Managemnment System 3 0. 595 tons/ ha 6
USGS 10M Managemnment System 6 0. 056 tons/ ha 1
USGS 10M Managenent System 4 0.077 tons/ ha 2
USGS 10M Managemnment System 2 0. 083 tons/ ha 3
USGS 10M Management System 1 0. 099 tons/ ha 4
USGS 10M Managenent System 5 0. 105 tons/ ha 5
USGS 10M Managenent System 3 0. 147 tons/ ha 6
USGS 30M Managemnment System 6 0. 056 tons/ ha 1
USGS 30M Managemnment System 2 0. 069 tons/ ha 2
USGS 30M Managenent System 4 0. 081 tons/ ha 3
USGS 30M Managenent System 1 0. 096 tons/ ha 4
USGS 30M Management System 3 0.103 tons/ ha 5
USGS 30M Management System 5 0.139 tons/ ha 6
WG 10M Managenment System 3 0.127 tons/ha 1
WG 10M Managenment System 6 0.131 tons/ha 2
WG 10M Management System 1 0. 158 tons/ ha 3
WG 10M Managemnment System 2 0. 210 tons/ ha 4
WG 10M Managenment System 5 0.221 tons/ha 5
WG 10M Managenment System 4 0.243 tons/ha 6
SRTM 90M Managemnment System 1 0.014 tons/ ha 1
SRTM 90M Managenment System 6 0.016 tons/ha 2
SRTM 90M Managenment System 2 0.021 tons/ha 3
SRTM 90M Managenent System 4 0. 025 tons/ ha 4
SRTM 90M Management System 3 0.071 tons/ ha 5
SRTM 90M Managenment System 5 0.071 tons/ha 6
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Table |1.14. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 15% contri buting source area and a 5 year

return period, 60 mnute duration rainfall event.
DEM Nane Managemnment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Managemnment System 6 2.625 tons/ ha 1
| FSAR 2. 5M Managenment System 2 3.207 tons/ha 2
| FSAR 2. 5M Managenment System 1 4.087 tons/ha 3
| FSAR 2. 5M Managenment System 4 4,352 tons/ ha 4
| FSAR 2. 5M Management System 5 4. 368 tons/ ha 5
| FSAR 2. 5M Managenment System 3 4.619 tons/ha 6
| FSAR 10M Managenment System 6 1.659 tons/ha 1
| FSAR 10M Managemnment System 2 2.012 tons/ ha 2
| FSAR 10M Management System 1 2. 606 tons/ ha 3
| FSAR 10M Managenment System 5 2.744  tons/ha 4
| FSAR 10M Managenment System 4 2.785 tons/ha 5
| FSAR 10M Managemnment System 3 2.943 tons/ ha 6
USGS 10M Managemnment System 6 0.841 tons/ ha 1
USGS 10M Management System 1 1.281 tons/ ha 2
USGS 10M Managenment System 4 2.085 tons/ ha 3
USGS 10M Managemnment System 2 2.450 tons/ ha 4
USGS 10M Managenent System 3 2.470 tons/ ha 5
USGS 10M Managenent System 5 3.392 tons/ ha 6
USGS 30M Managemnment System 6 0. 705 tons/ ha 1
USGS 30M Managemnment System 5 2.170 tons/ ha 2
USGS 30M Managenent System 4 2.193 tons/ ha 3
USGS 30M Managenment System 2 2.447 tons/ ha 4
USGS 30M Management System 3 2.472 tons/ ha 5
USGS 30M Managemnment System 1 2.584 tons/ ha 6
WG 10M Managenment System 6 1.226 tons/ha 1
WG 10M Managenment System 2 1.492 tons/ ha 2
WG 10M Managenment System 4 2.053 tons/ ha 3
WG 10M Managemnment System 3 2.173 tons/ ha 4
WG 10M Managenment System 1 3.533 tons/ha 5
WG 10M Managenment System 5 3.827 tons/ha 6
SRTM 90M Managemnment System 6 0.183 tons/ ha 1
SRTM 90M Managenment System 2 0.241 tons/ ha 2
SRTM 90M Managenment System 1 0.297 tons/ha 3
SRTM 90M Managenent System 4 0. 696 tons/ ha 4
SRTM 90M Management System 3 0.716 tons/ ha 5
SRTM 90M Managenment System 5 0.737 tons/ha 6
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Tabl e 1.15. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 15% contri buting source area and a 10 year

return period, 30 mnute duration rainfall event.
DEM Nane Management System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Managenent System 4 12.069 tons/ha 1
| FSAR 2. 5M Managenment System 5 12. 418 tons/ha 2
| FSAR 2. 5M Managenment System 1 14.084 tons/ha 3
| FSAR 2. 5M Managemnment System 2 18.305 tons/ha 4
| FSAR 2. 5M Management System 6 19.563 tons/ha 5
| FSAR 2. 5M Managenment System 3 21.364 tons/ha 6
| FSAR 10M Managenment System 5 3. 280 tons/ ha 1
| FSAR 10M Managemnment System 3 5. 450 tons/ ha 2
| FSAR 10M Management System 6 6. 158 tons/ ha 3
| FSAR 10M Managenment System 1 6. 180 tons/ ha 4
| FSAR 10M Managenment System 4 6.476 tons/ ha 5
| FSAR 10M Managemnment System 2 6. 894 tons/ ha 6
USGS 10M Management System 1 1.853 tons/ ha 1
USGS 10M Managenent System 4 1.910 tons/ ha 2
USGS 10M Management System 5 2.020 tons/ ha 3
USGS 10M Managemnment System 3 2.090 tons/ ha 4
USGS 10M Managenent System 2 2.378 tons/ ha 5
USGS 10M Managenent System 6 2.448 tons/ ha 6
USGS 30M Managemnment System 1 1.725 tons/ ha 1
USGS 30M Managenent System 4 1.811 tons/ ha 2
USGS 30M Managenent System 6 1.889 tons/ ha 3
USGS 30M Managenent System 5 1. 907 tons/ ha 4
USGS 30M Managemnment System 2 1.987 tons/ ha 5
USGS 30M Managemnment System 3 1.998 tons/ ha 6
WG 10M Managenment System 1 3. 692 tons/ ha 1
WG 10M Managenent System 4 3.990 tons/ ha 2
WG 10M Managemnment System 2 4,388 tons/ ha 3
WG 10M Management System 5 5. 457 tons/ ha 4
WG 10M Managenment System 3 5. 693 tons/ ha 5
WG 10M Managenment System 6 7.018 tons/ ha 6
SRTM 90M Managemnment System 1 0. 380 tons/ ha 1
SRTM 90M Managenent System 5 0.417 tons/ ha 2
SRTM 90M Managenment System 3 0. 428 tons/ ha 3
SRTM 90M Managenent System 4 0. 575 tons/ ha 4
SRTM 90M Managemnment System 2 0.733 tons/ ha 5
SRTM 90M Managenment System 6 1.131 tons/ ha 6
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Table |1.16. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 15% contri buting source area and a 10 year

return period, 60 mnute duration rainfall event.
DEM Nane Management System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Managemnment System 2 18.762 tons/ha 1
| FSAR 2. 5M Managenment System 1 21.251 tons/ha 2
| FSAR 2. 5M Managenment System 6 21.777 tons/ha 3
| FSAR 2. 5M Managenment System 4 21.813 tons/ha 4
| FSAR 2. 5M Management System 5 22.158 tons/ha 5
| FSAR 2. 5M Managenment System 3 22.516 tons/ha 6
| FSAR 10M Managenment System 2 5. 595 tons/ ha 1
| FSAR 10M Managenment System 4 6. 898 tons/ ha 2
| FSAR 10M Management System 6 8. 040 tons/ ha 3
| FSAR 10M Managenment System 5 8. 898 tons/ ha 4
| FSAR 10M Managenment System 3 9.242 tons/ ha 5
| FSAR 10M Management System 1 11.905 tons/ha 6
USGS 10M Managemnment System 6 3.051 tons/ ha 1
USGS 10M Managenment System 2 3.414 tons/ ha 2
USGS 10M Managenment System 4 4. 085 tons/ ha 3
USGS 10M Management System 1 5.017 tons/ ha 4
USGS 10M Managenent System 5 5.432 tons/ ha 5
USGS 10M Managenent System 3 5. 652 tons/ ha 6
USGS 30M Managemnment System 6 3.620 tons/ ha 1
USGS 30M Management System 1 3. 665 tons/ ha 2
USGS 30M Managenent System 5 3.918 tons/ ha 3
USGS 30M Managenent System 3 4.081 tons/ ha 4
USGS 30M Managemnment System 2 4,259 tons/ ha 5
USGS 30M Managenent System 4 4,954 tons/ ha 6
WG 10M Managenent System 4 5.123 tons/ ha 1
WG 10M Managenment System 2 6. 275 tons/ ha 2
WG 10M Management System 6 7.517 tons/ ha 3
WG 10M Management System 5 7.544 tons/ ha 4
WG 10M Managenment System 3 7.734 tons/ ha 5
WG 10M Managenment System 1 9. 623 tons/ ha 6
SRTM 90M Managemnment System 2 0.704 tons/ ha 1
SRTM 90M Managenment System 1 0. 811 tons/ ha 2
SRTM 90M Managenment System 4 0. 828 tons/ ha 3
SRTM 90M Management System 5 0.874 tons/ ha 4
SRTM 90M Management System 3 0. 896 tons/ ha 5
SRTM 90M Managenment System 6 1.070 tons/ ha 6
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Table |1.17. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 15% contri buting source area and a 100

year return period, 30 mnute duration rainfall event.
Sedi nent . .

DEM Nane Managenment System Yi el d Units Ranking
| FSAR 2. 5M Management System 1 23.677 tons/ha 1
| FSAR 2. 5M Managenment System 5 24.203 tons/ha 2
| FSAR 2. 5M Managenment System 3 24.541 tons/ha 3
| FSAR 2. 5M Managenment System 4 31.775 tons/ha 4
| FSAR 2. 5M Managemnment System 2 59. 103 tons/ha 5
| FSAR 2. 5M Managenment System 6 59.458 tons/ha 6
| FSAR 10M Managenment System 5 18.986 tons/ha 1
| FSAR 10M Managemnment System 3 19.418 tons/ha 2
| FSAR 10M Management System 1 24.104 tons/ha 3
| FSAR 10M Managenment System 4 27.572 tons/ha 4
| FSAR 10M Managenment System 6 28.375 tons/ha 5
| FSAR 10M Managemnment System 2 32.579 tons/ha 6
USGS 10M Managemnment System 6 6. 986 tons/ ha 1
USGS 10M Managenent System 2 7.504 tons/ ha 2
USGS 10M Management System 1 8.410 tons/ ha 3
USGS 10M Managenment System 4 8. 554 tons/ ha 4
USGS 10M Managenent System 5 10.819 tons/ha 5
USGS 10M Managenent System 3 11.062 tons/ha 6
USGS 30M Managemnment System 1 7.121 tons/ ha 1
USGS 30M Managemnment System 6 7.523 tons/ ha 2
USGS 30M Managenent System 2 8. 298 tons/ ha 3
USGS 30M Managenment System 4 9.312 tons/ ha 4
USGS 30M Management System 5 9. 452 tons/ ha 5
USGS 30M Managemnment System 3 9.727 tons/ ha 6
W5 10M Managenent System 5 11.972 tons/ha 1
WG 10M Management System 3 12.204 tons/ha 2
WG 10M Management System 6 13.186 tons/ha 3
WG 10M Managemnment System 2 14. 042 tons/ha 4
WG 10M Managenment System 1 15.553 tons/ha 5
WG 10M Managenment System 4 15.868 tons/ha 6
SRTM 90M Management System 5 2.846 tons/ ha 1
SRTM 90M Managenment System 3 2.900 tons/ ha 2
SRTM 90M Managenment System 6 4. 476 tons/ ha 3
SRTM 90M Managemnment System 2 5.213 tons/ ha 4
SRTM 90M Management System 1 5.441 tons/ ha 5
SRTM 90M Managenment System 4 5. 693 tons/ ha 6
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Tabl e 1.18. Managenent system ranki ngs using sedi nent
yield predictions fromWtershed 11 for sinulations
performed with a 15% contri buting source area and a 100

year return period, 60 mnute duration rainfall event.

DEM Nane Managenment System Seﬁ'er}ﬁdnt Units Ranking
| FSAR 2. 5M Management System 6 39.790 tons/ha 1
| FSAR 2. 5M Managenment System 2 41.828 tons/ha 2
| FSAR 2. 5M Managenment System 1 45.496 tons/ ha 3
| FSAR 2. 5M Managenment System 4 46. 132 tons/ha 4
| FSAR 2. 5M Management System 5 46.320 tons/ha 5
| FSAR 2. 5M Managenment System 3 46.652 tons/ha 6
| FSAR 10M Managenment System 6 26.258 tons/ha 1
| FSAR 10M Managemnment System 2 27.725 tons/ha 2
| FSAR 10M Management System 1 30.355 tons/ha 3
| FSAR 10M Managenment System 5 30.737 tons/ha 4
| FSAR 10M Managenment System 4 30.831 tons/ha 5
| FSAR 10M Managemnment System 3 31.106 tons/ha 6
USGS 10M Managemnment System 6 14.799 tons/ha 1
USGS 10M Managenent System 2 15.648 tons/ha 2
USGS 10M Management System 1 17.136 tons/ha 3
USGS 10M Managenment System 4 17.340 tons/ha 4
USGS 10M Managenent System 5 17.589 tons/ha 5
USGS 10M Managenent System 3 17.767 tons/ha 6
USGS 30M Managemnment System 6 14. 409 tons/ha 1
USGS 30M Managemnment System 2 15.353 tons/ha 2
USGS 30M Managenent System 1 16.608 tons/ha 3
USGS 30M Managenent System 4 16.888 tons/ha 4
USGS 30M Management System 5 17.074 tons/ha 5
USGS 30M Managemnment System 3 17.333 tons/ha 6
WG 10M Managenment System 5 23.597 tons/ha 1
WG 10M Managenent System 3 23.841 tons/ha 2
WG 10M Management System 6 25.483 tons/ha 3
WG 10M Managemnment System 2 27.101 tons/ha 4
WG 10M Managenment System 1 29.170 tons/ha 5
WG 10M Managenment System 4 34.998 tons/ha 6
SRTM 90M Management System 5 4,580 tons/ ha 1
SRTM 90M Managenent System 3 4.625 tons/ ha 2
SRTM 90M Managenment System 6 9. 154 tons/ ha 3
SRTM 90M Managemnment System 2 10.054 tons/ha 4
SRTM 90M Management System 1 10.486 tons/ha 5
SRTM 90M Managenment System 4 10. 744 tons/ ha 6
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